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SHORT GLOSSARY 
 
AVS = Acid Volatile Sulfur, Acid-volatile sulfur bound to FeS is 
converted to H2S by 6M HCl 
CRS = Chromium-Reducible Sulfur, Pyrite-associated sulfur (S
-
) 
is reduced to S
2-
 and converted to H2S in an acidic chromous 
chloride solution 
DOM = Dissolved Organic Matter 
GEMAX™  = gravity corer for soft surface sediments 
Limnos™  = water column sampler 
MP-AES = Microwave Plasma- Atomic Emission Spectrometer, anal-
ysis that uses the intensity of light emitted from plasma at a 
particular wavelength to determine the quantity of an ele-
ment in a sample. 
ICP-MS = Inductively Coupled Plasma- Mass Spectrometer, analysis 
which ionizes the sample with inductively coupled plasma 
and quantifies ions using a mass spectrometer. 
ICP-OES = Inductively Coupled Plasma- Optical Emission Spectrome-
ter, analysis which ionizes the sample with inductively cou-
pled plasma and quantifies ions using optical emission. 
Rhizon™  = samplers for pore water from soils and sediments for dis-
solved element analysis 
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 INTRODUCTION 1.
 
Iron (Fe) and manganese (Mn) are common elements in the Earth’s crust and they are 
bound to a variety of minerals. The most common and mobile forms of iron and manga-
nese in the environment are oxides, which are involved in many biogeochemical pro-
cesses including dissimilatory reduction (Lovley 1991). Recent studies have suggested 
that iron and manganese oxides may also be involved in the anaerobic oxidation of me-
thane (AOM) in coastal brackish sediments (Sivan et al. 2007, Beal et al. 2009, Sivan et 
al. 2011, Egger et al. 2014). Previous studies (e.g. Krachler et al. 2010, Asmala et al. 
2014) have shown that dissolved iron concentration in the water column decreases rap-
idly along salinity gradients in estuarine systems and that as much as 80 % of iron is 
removed from the water column because of flocculation of Fe associated with dissolved 
organic matter (DOM). This implies that sedimentary iron concentration may also de-
crease offshore, if flocculated material accumulates in sediments. Studies by Raiswell 
(2011) have shown that bioavailability and chemical reactivity of oxides decrease dur-
ing early diagenesis, with low crystalline, easily reducible oxides being the most reac-
tive phases. The concept of oxides maturing into more crystalline phases with time sug-
gests that the order of crystallinity should increase deeper in the sediments and further 
offshore. However, the distribution of these oxides in coastal sediments is not yet estab-
lished. To be able to predict where the Fe/Mn-mediated AOM may occur and how 
widespread it is in the coastal zone, it is important to know the distributions of these 
oxides and the geochemical and physical processes determining these distributions. 
The coastal areas of the Baltic Sea are composed of many estuarine systems and basins 
separated by shallow sills. Restricted water circulation, water column stratification, and 
phytoplankton growth stimulated by nutrient input from land has led to seasonal hypox-
ia in many parts of the Finnish archipelago (Conley et al. 2011). Seasonal hypoxia re-
sults in variable redox conditions at the sediment-water interface, which impacts mobili-
ty of iron and manganese. Manganese oxides are some of the strongest oxidants found 
in the environment and are sensitive to redox conditions, being quickly reduced by sed-
imentary bacteria in the absence of oxygen (Tebo et al. 2004). Manganese distribution is 
therefore expected to be more affected by redox changes than iron, but its behaviour in 
estuarine systems is not well known. Also the techniques to separate manganese miner-
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als in sediments by chemical extractions are not yet well-developed. This thesis aims to 
shed light on these unanswered questions. 
 
 Geochemical background 1.1.
 
Iron is the most abundant transition metal of the Earth’s crust, and manganese the sec-
ond (Tebo et al 2004). The two elements have many similar chemical properties and 
they both occur in many valence states. In nature iron is in the form of ferrous Fe(II) 
and ferric Fe(III). Manganese occurs in many oxidation states but the most commonly 
found in nature are Mn(II), Mn(III) and Mn(IV) (Tebo et al. 2004). Both elements are 
bound to a variety of minerals with a wide range in stability, surface area, adsorption 
capacity and chemical reactivity (Cornell and Schwertmann 2003, Raiswell 2011). The 
transportation and distribution of iron and manganese are strongly affected by pH, Eh 
(redox potential) and the presence of dissolved compounds which can form dissolved 
complexes, colloids and poorly soluble mineral phases (Kendall et al. 2012). 
Iron is one of the major elements in mafic silicates (Kendall et al. 2012). The proportion 
of iron in mafic rocks such as gabbro and amphibolite can be up to 10 %, but in felsic 
rocks such as granite is less than 3% (Lahermo et al 1996, p. 79). Most soluble iron in 
the boreal environment originates from easily weathered mafic silicates and biotite in 
the fine fraction of till (Lahermo et al 1996, p. 79). After weathering, mobilized iron 
may be incorporated into secondary iron precipitates, which themselves dissolve under 
certain conditions, releasing iron back into solution (Lahermo et al 1996, p. 79). Redox 
conditions have a great impact on the behaviour of iron because Fe(II) and Fe(III) have 
different chemical bonding affinities and thus form different mineral phases (Kendall 
2012). Trivalent iron bonds readily with OH
-
 ion (hydroxyl ion) in oxic, high Eh condi-
tions which leads to a variety of poorly soluble hydrated Fe(III) oxyhydroxides (Michel 
et al. 2010, Kendall et al. 2012). Bivalent iron can be bound to sulfides as well as to 
phosphates and carbonates, forming siderite and vivianite if there is an excess of Fe(II) 
over HS
-
 (Krom and Berner 1980, Coleman 1985, Kendall et al. 2012). 
Manganese is enriched in minerals which are formed in the early stages of magmatic 
crystallization but also in later stage intrusions, such as pegmatites (Post 1999). Like 
iron, the majority of manganese in bedrock and soil in the boreal region is in mafic min-
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erals such as pyroxenes, amphiboles and biotite, where it substitutes iron and magnesi-
um (Lahermo et al 1996, p. 81). Pyroxenes and amphiboles are poorly soluble silicates, 
whereas easily soluble Mn-bearing phases include micas, secondary manganese hydrox-
ides and amorphous hydrated oxides in soils and stream sediments (Lahermo et al 1996, 
p. 81). Manganese is easily oxidized which results in 30 known manganese oxides and 
hydroxides with a variety of crystal structures (Post 1999). Manganese oxides typically 
occur as fine grained, poorly crystalline coatings on other particles (Post 1999). Some 
common manganese oxides found in soils are the birnessite group, lithiophorite, hol-
landite, and todorokite (Post 1999). In general, Mn(II) is present in anoxic conditions at 
low pH, while Mn(III) and Mn(IV) are present oxic conditions at high pH (Tebo et al. 
2004). Divalent manganese occurs in solution as Mn
2+
 cations and in insoluble phos-
phates and carbonates, and also in small quantities in other minerals, such as 
Mn(III,IV)oxides. Tetravalent manganese occurs in insoluble oxides, oxyhydroxides 
and hydroxides. 
Iron and manganese are also found in ferromanganese concretions within the Baltic Sea. 
These concretions are concoidal or spheroidal layered formations which are composed 
of various iron and manganese (oxy)hydroxides. They are formed in offshore areas of 
the Baltic Sea and are not typically found in coastal areas, and as such are not the focus 
of this thesis. Studies of ferromanganese concretions in the Baltic Sea have been carried 
out e.g. by Ojala (2008), Grigoriev et al. (2013) and Wasiljeff (2015).  
 
 Geochemical processes in brackish coastal environment 1.2.
 
1.2.1. Early diagenesis 
Iron bound to oxyhydroxides goes through a series of diagenetic changes when it enters 
an aquatic environment. These poorly crystalline nanosized particles ‘age’ during trans-
portation which causes increase in the crystal lattice into a higher order (Figure 1). 
Transformation into more crystalline phases decreases surface area which makes the 
minerals more stable and less reactive chemically and also less available for biological 
processes (Raiswell 2011).  The first iron oxyhydroxide to precipitate under oxidizing 
and hydrolysing conditions is ferrihydrite [Fe3
+
4–5(OH,O)12] (van der Zee et al. 2003). It 
is the least stable and most reactive hydroxide (Schneider 1988, van der Zee et al. 2003). 
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Most iron in river water is present as ferrihydrite which is stabilized in colloidal disper-
sion by humic acids at low salinities (Haese 2006, p. 241). Colloidal dispersion removes 
approximately 70-90 % of dissolved iron from the solution (Raiswell 2011). As the col-
loids drift towards a more saline environment in estuaries, ionic strength of the solution 
increases and the colloids become electrostatically and chemically unstable. Sodium 
ions in saline water cover the colloids which neutralises the surface charge, and the 
molecules stop repelling each other (Gustafsson et al. 2000, Krachler et al. 2010, Ken-
dall et al. 2012, Asmala et al. 2014). This results in coagulation of the colloids leading 
to larger particles known as floccules.  
 
 
 
Figure 1. Aging-rejuvenation cycle of iron(oxyhydr)oxide nanoparticulates. Aging decreas-
es reactivity and bioavailability through chemical and physical transformations. Rejuvena-
tion occurs when iron oxides in the sediment are reduced by bacterial catalysis and then 
re-oxidized, forming labile and bioavailable phases. (Modified: Raiswell 2011). 
 
During transportation, ferrihydrite forms nanosized microporous aggregates, attaches to 
other sediment particles covering their edges and filling dentures, and alters into a mix-
ture of goethite (α–FeOOH) and hematite (Fe2O3) (Raiswell 2011). Which end-product 
is favoured depends on pH. Hematite is favoured at pH 7–8 while maximum formation 
of goethite occurs at pH 4 and pH 12 (Schwertmann and Murad 1983). It has been 
shown that the reactions which form either goethite or hematite are two different, com-
petitive mechanisms (Schwertmann and Murad 1983). Goethite is produced by the dis-
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solution of ferrihydrite and hematite though internal dehydration and rearrangement 
within the ferrihydrite aggregates (Schwertmann and Murad 1983). The time required 
for ferrihydrite to go through transformation to goethite or hematite is mostly dependent 
on temperature (Raiswell 2011). Transformation time experiments (Schwertmann et al. 
2004) have shown that as temperature decreases, transformation time increases and it is 
largely independent of pH changes. However, the experiments also showed that the role 
of pH becomes more important in low temperatures. Above 10 °C transformation occurs 
within 500 days. Below 10°C, at pH 8 it is approx. 700 days and at pH 6 it is 2400 days. 
The transformation time can also be slowed down by complexation with natural organic 
matter, silica and trace elements (Raiswell 2011). 
Iron and manganese oxides and sheet silicates that have been deposited in sediments 
begin to dissolve under reducing conditions via reaction with reducing agents such as 
organic matter and hydrogen sulphide. Many of these reactions are microbially mediat-
ed. Dissolved reduced iron and manganese released from the reduction of oxides are 
accumulated in pore water. Subsequently, diffusion and physical reworking of the sedi-
ment by bioturbation and resuspension may cause expulsion of the dissolved metals into 
bottom water. Fluxes of dissolved iron and manganese from marine sediments have 
been studied in the Baltic Sea and the Danish Straits by e.g. Thamdrup et al (1994), 
Kristiansen et al. (2002), and Pakhomova et al. (2007). 
Divalent forms of iron and manganese are oxidized into Fe(III) and Mn(IV) by oxygen 
or other oxidants. Iron can be oxidized merely by the presence of oxygen but manga-
nese oxidation appears to require bacterial catalysis (Pakhomova et al. 2009).  This pro-
cess ‘rejuvenates’ mature oxides into more labile and bioavailable phases (Figure 1). 
Dissolved divalent iron rarely accumulates in oxic seawater because it is oxidized rapid-
ly and dissolved trivalent iron can only remain in solution if it is complexed by organic 
ligands (Raiswell and Canfield 2012). Once the organic ligands in the solution have 
been consumed, trivalent iron precipitates as nanoparticulate ferrihydrite (Raiswell and 
Anderson 2005).This results in oxidized solid phases which subsequently sink due to 
gravity. As the oxides enter hypoxic zone of the bottom water, they are reduced and 
dissolved again, supplying reduced metals to the water column (Pakhomova et al. 2007). 
Repeated cycles of reductive dissolution and re-precipitation, coupled to physical 
downslope transport, lead to the accumulation of Fe and Mn in the deep basins of aquat-
ic systems. This process has been termed ‘redox shuttling’ (e.g. Lyons and Severmann 
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2006). In sediments, reduced forms of iron and manganese can also precipitate as car-
bonates, such as siderite (FeCO3) and rhodochrocite (MnCO3), or adsorb to clay miner-
als, carbonates and metal(hydr)oxides. A major part of divalent iron is bound to iron 
sulfides because of their stability compared to carbonates (Middelburg et al. 1987, 
Coleman,1993, Kristiansen et al. 2002). Recent evidence suggests that a fraction of 
Fe(II) that escapes sulfidization in boreal estuarine sediments may be complexed by 
organic matter (Yu et al. 2015). 
 
1.2.2. Sulfidization 
Divalent iron can be precipitated as sulfide minerals in anoxic, low Eh conditions if 
dissolved sulfide, either HS
- 
or H2S, is available in abundance. Iron sulfides are im-
portant sinks for both iron and sulfur and they are formed when dissolved sulfide reacts 
with either dissolved iron or iron bearing minerals which are reactive towards sulfur 
(Berner 1970, Raiswell and Canfield 1998). Iron oxides such as ferrihydrite, goethite, 
hematite, and lepidochrosite are reactive towards sulfur (Canfield 1989; Raiswell and 
Canfield 1989). Also iron-bearing silicates are reactive but significantly less than iron 
oxides. Reactivity towards sulfur has been studied by determining half-lives of sedi-
mentary iron minerals to their reaction with dissolved sulfide. The half-life of ferrihy-
drite, for example, is 2.8 hours but for sheet silicates it is 89 000 years (Canfield et al. 
1992). Pyrite formation is therefore largely controlled by the burial of iron oxides into 
sediments (Canfield et al. 1992, Raiswell and Canfield 1998). 
Dissolved sulfide for the reaction is produced in the sediment by microbial reduction of 
sulfate and decomposition of organic sulfur compounds (Berner 1970, Raiswell and 
Canfield 1998). The first precipitates are usually amorphous iron sulfides, such as 
mackinawite (FeS). Mackinawite is an unstable phase that transforms rapidly into more 
crystalline phases pyrrhotite (Fe1-xS) and greigite (Fe3S4). Pyrite (FeS2) is the end-
product of the process. The transformation of monosulfide into pyrite requires an elec-
tron acceptor to oxidize sulfur. There are three pathways for pyrite formation:  
 
FeS + S
0→ FeS2   (1) 
FeS + H2S → FeS2 + H2  (2) 
2FeS + 2H
+
 → FeS2 + Fe
2+
 + H2 (3)  
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In pathway (1) pyrite is formed by addition of zero-valent sulfur (S
0
) which acts as elec-
tron acceptor (Berner 1970, Berner 1984, Luther 1991). Transformation of FeS to pyrite 
occurs within some years (Berner 1970). In pathway (2) iron monosulfide reacts with 
hydrogen sulfide (Richard and Luther 1997). This pathway has been shown to be the 
fastest pyrite-forming reaction and it is also thought to be the dominant pyrite forming 
pathway in anoxic systems (Richard and Luther 1997). In pathway (3) pyrite is formed 
by the loss of iron with an additional electron acceptor (Wilkin and Barnes 1996). Acid-
ity increases in pathways (2) and (3). 
The degree of pyritization increases with sediment depth which means that iron mono-
sulfide concentration decreases while pyrite concentration increases (Jørgensen and 
Kasten 2006, p. 287). The transformation, however, is not gradual as iron sulfide for-
mation is often restricted to certain depths (Jörgensen and Kasten 2006, p. 287).  
Oxidation of pyrite can result in schwertmannite, which is an unstable oxyhydroxide 
that transforms easily into ferrihydrite (Raiswell 2011). 
 
1.2.3. Degradation of organic matter  
Microbial processes coupled to the degradation of organic matter are intertwined with 
geochemical cycles of iron and manganese. Microorganisms in sediments gain energy 
for their metabolism from oxidation of organic matter and use various electron accep-
tors to achieve this. Oxygen is the most favourable electron acceptor, and only when 
oxygen has been consumed, microorganisms begin using other electron acceptors in the 
order of decreasing energy gain. Under anoxic conditions, nitrate is the first electron 
acceptor to be consumed, followed by tetravalent manganese, trivalent iron, and later 
sulfate (Jørgensen and Kasten 2006, p. 283).  
Pathways for the dissimilatory reduction of iron and manganese have been studied ex-
tensively by Lovley (1991). Bacteria such as Geobacter metallireducens and Desulfu-
romonas palmitatis can use trivalent iron and tetravalent manganese to oxidize for ex-
ample aromatic compounds, long chain fatty acids, sugars, and amino acids (Figure 2). 
One prerequisite for the reactions is a direct contact with between the bacteria and solid 
phase Fe(III) and Mn(IV) (Haese 2006, p. 247). Solid phase Fe(III) and Mn(IV) are 
present in many minerals and amorphous phases in aquatic sediments. 
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Figure 2. Pathways for iron reduction by organic compounds via microbial processes. (Modified: Lovley, 
1991). 
 
1.2.4. Anaerobic oxidation of methane 
It has been suggested that iron and manganese oxides may also play a role in the anaer-
obic oxidation (AOM) of methane (CH4) in marine and freshwater sediments (e.g. Sivan 
et al. 2007, Beal et al. 2009, Sivan et al. 2011, Egger et al. 2014).  Methane is produced 
in the sediment below the sulfate-reducing zone by splitting of acetate and reduction of 
CO2 by hydrogen (Jørgensen & Kasten 2006, p. 278). As methane diffuses upwards, the 
majority of it is consumed in the Sulfate-Methane Transition (SMT) where methane is 
anaerobically oxidized to CO2 by sulfate via microbial catalysis (Jørgensen & Kasten 
2006, p. 279). Below the SMT where sulfate is depleted, solid-phase iron and manga-
nese oxides have been shown to act as alternative electron acceptors for this process. 
Iron and manganese oxides are abundant in the sediments below the SMT but their bio-
availability may be the limiting factor to iron and manganese-dependent AOM (Egger et 
al. 2014). Even if only a fraction of iron and manganese influx participate in AOM, they 
may act as a major methane sink as both elements can be oxidized and reduced up to 
300 times before final burial in the sediment (Canfield et al. 1993, Beal et al. 2009). 
Beal et al. (2009) have shown that Fe and Mn dependent AOM occurs at much slower 
rates than sulfate-dependent AOM even though Fe and Mn oxides are energetically 
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more favourable electron acceptors. This may be because iron and manganese are bound 
to solids, which makes them less accessible than dissolved sulfate (e.g. Beal et al. 2009, 
Sivan et al. 2011). Manganese-dependent AOM also seems to occur faster than iron-
dependent AOM (Beal et al. 2009). Microorganisms have been found in the Black Sea 
sediments that can reduce manganese oxides more efficiently than ferrihydrite 
(Thamdrup et al. 2000). The rate of iron-dependent AOM has been estimated and in 
marine sediments it may be 10 % of the methanogenesis rate whereas in freshwater en-
vironment it can be significantly greater (Sivan et al. 2007, 2011). 
 
 Study goals & hypotheses 1.3.
  
The aims of this study are to 1) establish the distributions of iron and manganese in 
coastal sediments and the overlying water column in a section of the Gulf of Finland 
coastal zone, 2) establish the speciation of iron and manganese in these sediments and 3) 
determine the estuarine processes which are responsible for the observed distributions. 
The following hypotheses have arisen: 
1. Iron concentration in the surface sediment decreases offshore because of salinity-
induced flocculation of Fe associated with DOM.  
2. Flocculated particles are low crystalline oxyhydroxides and iron speciation by the 
river mouth is therefore expected to be dominated by low crystalline oxyhydroxides. 
3. Maturity of iron oxides increases with depth and distance from the river mouth due 
to early diagenesis. 
4. Manganese is concentrated in silled estuarine basins due to ‘redox shuttling’. 
5. The iron extraction protocol of Poulton and Canfield (2005) can be used to differen-
tiate between manganese minerals in sediments. 
6. Iron and manganese oxides are present below the SMT in coastal sediments and 
participate in AOM, as evidenced by porewater Fe/Mn profiles. 
In this thesis I approach these study questions using a range of water column, sediment, 
and porewater analyses. Water column samples are analysed for dissolved iron and 
manganese, total suspended solids and their geochemistry. Sediment samples are acid-
digested and analysed for total Fe and Mn concentrations, and sequential extractions by 
the method of Poulton & Canfield (2005) are applied to obtain sedimentary iron specia-
13 
 
tion. Synthetic manganese minerals are prepared and subjected to the sequential iron 
extraction protocol to test its suitability for differentiating manganese minerals in the 
sediment. Sequential extraction of sulfur by Burton et al. (2008) is applied to the sedi-
ment samples to obtain the sulfur-bound iron fraction. Finally, porewater analysis for 
dissolved Fe, Mn, P, H2S, and SO4 is conducted to investigate porewater accumulation 
of Fe and Mn with respect to the sulfate-methane transition zone. 
 
 DESCRIPTION OF THE STUDY AREA  2.
 
The southern Finnish coastline is a mosaic of small islands surrounded by shallow bays, 
narrow channels, lagoons and estuaries. The study area Pohjanpitäjänlahti in Raasepori 
Uusimaa is one of these estuarine systems (Figure 3). Rivers Mustionjoki and 
Fiskarsinjoki run into the estuary and together they form a large catchment area that 
branches several tens of kilometres to north-east towards Lohjanjärvi and beyond. The 
estuary is approximately 30 kilometres long and in the southern end it connects to an 
adjacent archipelago. The estuary is one of the few sites in Finland where high resolu-
tion marine sediment mapping has been carried out.  
 
 
Figure 3. Study area and sampling sites (Paituli 2015). Storfjärden is referred to in the tables and figures 
as ST, Mudpit is referred to as MP. The stations were selected to give a full coverage of the estuarine 
transect and do not necessarily correspond to long-term monitoring locations. Precise coordinates are 
given in the Appendix A. Note that the following stations do not exist in this study: P3, P8, P12, P13. 
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 Bedrock and Quaternary deposits 2.1.
 
Underlying bedrock was formed during Svecokarelian orogeny (approx. 1.90-1.82 Ga) 
Eustatic uplift of the bedrock occurs in the area because of post-glacial rebound and its 
magnitude is approximately 3 mm yr
-1 
(Eronen et al. 2001). The bedrock directly around 
the estuary consists of felsic intrusive rocks such as granite, granodiorite, tonalite and 
quartz diorite, and metamorphosed sedimentary rocks including mica schist and mica 
gneiss (Figure 4).  
In general the bedrock around Hanko peninsula is not particularly rich in iron and man-
ganese compared to the rest of Finland (Lahermo et al. 1996). However, north of the 
estuary is a belt of mafic and intermediate rocks which contains higher concentrations 
of iron and manganese rich minerals.  
 
 
Figure 4. Bedrock map of the study area (GTK 2016). 
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The recent sediments are composed of Quaternary glaciogenic and glaciofluvial depos-
its formed at the end of Weichselian glaciation. Much of the coastline consists of bed-
rock outcrops which are circled by homogeneous clay and silt, and till deposits (Figure 
5). Peat deposits are found in bedrock and soil depressions. 
Ice-marginal deposits consisting mainly of sorted gravels and sands in the area are relat-
ed to two end moraine formations Salpausselkä I and II which were deposited in 
Younger Dryas 12300–11800 years ago (Johansson et al. 2011). Salpausselkä I crosses 
Pohjanpitäjänlahti estuary in Tammisaari forming a sill which divides the bay into two 
parts.  
 
 
Figure 5. Map of Quaternary deposits (GTK 2016). 
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 Aquatic environment 2.2.
 
Recent clay and mud occupies most of the estuary (Figure 6). Some of the clays and 
muds are high in organic content and gaseous. These gaseous muds and clays cover 
northern parts by the river mouth, shallow bays of the central estuary and a long elon-
gated outcrop in southern part of the estuary. There are also secondary sand deposits 
right by the river mouth and some minor deposits of post-glacial clays, silts and till 
which border bedrock outcrops. Thickness of recent sediments has been studied by 
acoustic methods. Mean thickness is 4 meters with less than 5 meters along the coastline 
and as high as 20 meters in the deep basin (Hämäläinen 1998).  
 
Figure 6. Geological map of marine sediments. Redrawn from Hämäläinen (1999) and 
georeferenced to TM35 FIN coordinate system. 
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Water depth ranges from 5 meters by the river mouth to 47 meters in an offshore sam-
pling site. Water column of the inner bay is stratified by salinity (Figure 7). Rivers bring 
fresh water into the bay but the sill formed by Salpausselkä I end moraine formation 
hinders mixing of the water which traps dense saline water below fresh water. 
The silled nature of the bay and stratification of the water column by salinity make it 
vulnerable to hypoxia. Hypoxic water in the deep basin is replaced usually only in late 
autumn as south-westerly winds bring saline and oxic water over the sill (Virta 1977).  
Actions have been taken to improve oxygen conditions in Pohjanpitäjänlahti. Aeration 
of the bottom water was started in 1995 by pumping a daily dose of 2100 kg of oxygen 
to the deep part of the bay. The project lasted for two years and the mean oxygen con-
centration of the bottom water still remained within hypoxic conditions (< 2.0 mg L
-1
) 
(vesieko.fi).  
 
 
Figure 7. Contour plot of salinity gradient. Water column in the inner estuary is stratified by salinity with low 
saline water zone above 10 meters. 
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 MATERIAL AND METHODS 3.
 
Gravity core samples and water column samples were collected at the salinity gradient 
from river mouth to the offshore stations (Table 1, Figures 3 and 7). 
 
Table 1. Sample types from each sampling site. 
  Water column Sediment Porewater 
Sampling 
site 
Dissolved and 
particulate Fe 
and Mn 
1)
 
TSS and their 
chemical 
composition 
1)
 
Surface sedi-
ment Fe and Mn 
speciation 
2)
 
Profiles of sedi-
mentary Fe and Mn 
speciation 
3)
 
Dissolved Fe, 
Mn, SO4. H2S 
1)
 
P1 x x x x x 
P2 x x x 
  P4 x x 
   P5 x x x x x 
P6 x x x 
  P7 x x x 
  P9 x x x 
  P10 x x x 
  P11 x x x 
  P14 x x x 
  ST x x 
 
x x 
MP x x   x x 
1) 
samples were taken in June 2015  
2) 
surface sediment samples (0-2 cm) were taken in September 2014 
3) 
P1, P5, ST were sampled in June 2015, MP was sampled in August 2014 
  
Water column sampling, filtration, and analysis of filtrates 3.1.
 
Water column samples and CTD (Conductivity, Temperature, Depth) were taken in 15.-
17.6.2015 on board J.A. Palmén and R/V Saduria. The samples were taken with a five 
litre Limnos water sampler at five meter intervals starting from sea level and until one 
meter above seafloor. The samples were stored in acid-washed plastic bottles and fil-
tered within two days using glass fibre filters (GF/F) for elemental analysis of total sus-
pended solids and 0.4 µm polycarbonate filters for suspended Fe and Mn and filtrate for 
dissolved metals. After filtration, glass fibre filters were stored frozen in Eppendorf vi-
als and later freeze-dried and weighed to get the mass of suspended solids in water col-
umn. The filtered volume of water for each depth was 0.5 L. Subsamples (10 mL) of the 
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filtrate were taken and subsequently frozen and stored in a freezer for five months. Acid 
treatment of the water samples was done right before analysis with ICP-MS (Inductive-
ly Coupled Plasma-Mass Spectrometer). Accuracy of the analysis was < 20 % based on 
internal laboratory standard water samples. 
 
 Porewater and sediment sampling and analyses 3.2.
  
Surface sediment samples were taken with a GEMAX™ gravity corer on 16.06.2015 on 
board R/V Saduria. Diameter of the core is 9 cm and sample lengths were 40 cm (P1) 
and 60 cm (P5). The cores were sampled for pore water analysis using Rhizons™ and 
sliced for sequential extraction analysis. Two parallel series were taken: one for analysis 
of iron and manganese and another with 1 mL of 10% zinc acetate to precipitate hydro-
gen sulfide. The cores were sliced at one centimetre interval between 0-10 cm and at 
two centimetre interval between 10-40 cm and 10-60 cm. Sediment slices were stored in 
plastic zipper storage bags in glass jars which were flushed with nitrogen (N2) within a 
few hours after sampling to prevent oxidation. The sliced samples were subsampled into 
20 mL glass scintillation vials in aerobic conditions as quickly as possible to avoid oxi-
dation of iron sulfides. Approximately 1/3 of the vial volume was filled with sediment 
and weighed. The samples were then frozen immediately to reduce oxidation artefacts 
and subsequently freeze-dried for four days. Dry sediment samples were then measured.  
 
Sequential extraction of iron and analysis of extracts by MP-AES 3.3.
 
The sequential extraction method by Poulton and Canfield (2005) was used for the ex-
traction of iron (Table 2). Subsampling of sediment samples was done in anaerobic 
conditions. Approximately 0.1 g dry sediment was measured into 15 mL centrifuge tube 
and weighed for exact mass. All extraction reagents were prepared in ultrapure water. 
Extraction steps I and II were conducted in a glove box, III and IV in a glove bag, and V 
in aerobic conditions in a fume hood.  
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Table 2. Sequential extraction steps. Modified: Poulton and Canfield (2005). 
Step Extraction reagents Extractant vol [ml] Duration Target phases 
I 
1 M sodium acetate solution 
adjusted to pH 4.5 with 
acetic acid 
10 24 h 
Carbonate Fe, including si-
derite and ankerite 
II 
1 M hydroxylamine-HCl 
solution in 25% v/v acetic 
acid 
10 48 h Ferrihydrite, lepidocrocite 
III 
0.29 M sodium dithionite 
solution buffered to pH 4.8 
with 0.35 M acetic acid/0.2 
M sodium citrate solution 
10 2 h 
Goethite, akaganéite, hema-
tite 
IV 
0.2 M ammonium oxalate/ 
0.17 M oxalic acid solution 
10 6 h Magnetite 
V Boiling 12 N HCl 5 1 min 
Poorly reactive sheet silicate 
Fe 
 
After applying extraction reagent, samples were extracted on an orbital shaker. The 
samples were then centrifuged for five minutes with 3000 rpm. Supernatant solutions 
were then transferred into new centrifuge vials for analysis. In hydrochloric acid (HCl) 
boiling, sediment samples were transferred from centrifuge tubes into glass tubes using 
2-4 mL of ultrapure water. A heating block with holes for glass vials was used in the 
boiling. Extraction samples were prepared for MP-AES –analysis by diluting them 1 to 
10. Then 100 µL of cesium (Cs) was added for ionization buffering. Each step of the 
extraction scheme produced a set of samples with their own matrix so each sample set 
was run on separate programmes. Calibration standard series were also prepared sepa-
rately for each matrix containing a known concentration of dissolved iron and manga-
nese in the samples. The samples were measured with four wavelengths for both iron 
and manganese. Analytical precision of the analysis was < 10 % based on standard de-
viation from Fe/Mn standards. Two parallel samples were taken from P1 and P5 sedi-
ment cores to serve as pseudo-replicates.  Relative percentage difference between the 
pseudo-replicates was calculated to determine the reproducibility of the analysis (Table 
3). 
Table 3. Relative percentage difference of pseudo-replicates. 
Extraction 
step 
I II III IV V   
Sample RPD [%] RPD [%] RPD [%] RPD [%] RPD [%] mean [%] 
P1_Mn 1,6 71,8 9,8 56,1 0,7 28 
P1_Fe 1,2 8,7 2 107,1 2,9 24,4 
P5_Mn 30,2 33,1 100 11,5 25,4 40 
P5_Fe 29,3 24,8 26 28,1 23,2 26,3 
RPD= abs(D1-D2) / avg(D1+D2) x 100% 
21 
 
Manganese results in general have higher RPD but that is a result of very low measured 
concentrations. The real difference between replicates is less than 2 µmol/g which in 
low concentrations (less than 5 µmol/g) results in high RPD. Iron results from P1 are 
excellent (RPD mean 3.7 %) if the 4
th
 extraction step of P1 is disregarded. RPD of iron 
results from P5 is < 30 %. As the samples were not intensively homogenized before 
subsampling and extraction, they contain natural variation which suggests that the re-
sults are better than RPD % implies. 
 
Sequential extraction of sulfur and analysis by spectrofotometer 3.4.
 
Extraction of sulfur was conducted by the method described by Burton et al. (2008) to 
determine concentration and mineralogy of sulfur in sediment samples, to quantify the 
amounts of iron which is bound to sulfides. Dry sediment mass was approximately 500 
mg. Principle of the sulfur extraction is that sulfide in the sediment is converted into 
hydrogen sulfide gas (H2S) which is trapped into alkaline zinc acetate solution.  
Acid-volatile sulfur (AVS) was extracted under anaerobic conditions by first adding 7 
mL of alkaline zinc acetate solution to the microcentrifuge vial which was inside a cen-
trifuge tube (Figure 8).  
 
 
Figure 8: Extraction of sedimentary sulfide by converting it into H2S 
and precipitating it in alkaline zinc acetate solution. Modified: Burton et 
al. 2008.   
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Then 10 mL of 6 M hydrogen chloric acid (HCl) and 2 mL of ascorbic acid (C6H8O6) 
were pipetted to the bottom of centrifuge tube containing dry sediment. The centrifuge 
tube was then closed quickly to avoid hydrogen sulfide from escaping and incubated on 
an orbital shaker for 24 hours.  
Analysis of dissolved sulfide was conducted by a method described by Cline (1969) and 
Reese et al. (2011). The same method was used for pore water samples and sulfur ex-
traction samples. The principle of the method is that dissolved hydrogen sulfide is com-
plexed in an acidic solution of N,N-dimethyl-p-phenylenediamine sulfate and ferric 
chloride to form methylene blue colour. The intensity of the colour which can be meas-
ured with a spectrophotometer at 670 nm is proportional to the amount of hydrogen 
sulfide in a sample. Sulfide stocks and standards were prepared by dissolving sodium 
sulfide (Na2S·3H2O) in ultrapure water right before analysis.  
Standard solutions were standardized by iodometric titration as described in Burton et al. 
(2008). 5 mL of stock was added to 50 mL centrifuge tube. Iodine-starch solution was 
added to form a stable blue colour, which indicated that all sulfide had been oxidized 
and that the solution is stable. Sample volumes were measured and filled up to 15 mL 
using N2 purged ultrapure water. Reagents were then added directly into sample vials 
below the solution surface avoiding bringing air bubbles into solution. Vials were 
capped for at least 30 minutes while colour developed. One mL subsample was taken 
for the analysis by spectrophotometer. Analytical precision of the analysis was < 5 % 
based on standard deviation from sodium sulfate standards.  
As Chromium Reducible Sulfur-bound iron (CRS-Fe) analysis results had a high varia-
bility, pyrite-bound iron has been calculated from total sulfur concentration minus AVS 
concentration in the sediment (Equation 4) and the molar mass of pyrite (Equation 5) 
assuming all sedimentary sulfur is bound to AVS or pyrite. AVS-bound iron was pro-
duced with sequential extraction of sulfur by Burton et al. (2008) and calculated from 
the molar mass of ironmonosulfide (Equation 6).  All values were expressed in µmol g
-1
. 
SPyrite =  STotal − SAVS   (4) 
 FePyrite =  
SPyrite
2
⁄    (5)  
 FeAVS =  SAVS   (6) 
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 Manganese extraction experiment 3.5.
  
Four manganese minerals were synthetized for the extraction experiment (see Appendix 
B). A manganese carbonate (rhodochrosite) and three manganese oxides (triclinic Na-
birnessite, disordered Na-birnessite and Cu-doped todorokite) were chosen for the ex-
periment because they are common in marine sediments and occur in ferromanganese 
concretions (Post 1999). Disordered Na-birnessite represents manganese oxides which 
are formed in biochemical processes and are easily soluble. Triclinic Na-birnessite and 
Cu-doped todorokite were chosen to represent more crystalline oxides. Rhodochrosite 
was chosen for the experiment because it is common in the Baltic Sea sediments (Neu-
mann et al. 2002). The aim was to have minerals of varying crystallinity which would 
dissolve in different steps of the protocol. The experiment was carried out using the 
sequential extraction of iron protocol by Poulton and Canfield (2005). Approximately 
0.1 g of freeze-dried pure mineral sample was weighed into 15 mL centrifuge tubes and 
subjected to the extraction steps. 
 
Total digestion of sediment and total suspended solids, and analysis by ICP-3.6.
OES 
  
Total concentrations of iron, manganese, sulfur and phosphorus were produced by di-
gesting 0.1 g of freeze-dried sediment in a solution containing 2.5 ml HF (40%) and 2.5 
ml of HClO4(70%)/HNO3(65%) mixture. The samples were heated at 90 degrees for 12 
hours. The acids were then evaporated at 160 degrees and the resulting gel was then 
dissolved in 1 M HNO3. Analysis of the samples was carried out by ICP-OES. Precision 
and accuracy were <5 % based on calibration to standard solutions and checked against 
internal laboratory standard sediments. Total lead concentration was used to identify the 
pollution maximum of 1970 (Zillen et al. 2012). The lead concentration peak was used 
to provide average sedimentation rates. 
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 RESULTS 4.
 
 Dissolved and particulate iron and manganese concentrations in water column 4.1.
 
Dissolved and particulate metal concentrations in the water column were determined 
from filtered water samples (< 0.4 µm). Dissolved iron concentration is highest in the 
river mouth from where it decreases rapidly towards the open sea and also from water 
surface towards the bottom (Figure 9). Dissolved manganese is concentrated in the deep 
silled basin below 10 meters (P4, P5). The concentration of dissolved manganese is 
highest in the bottom water and decreases towards the water surface. Further out in the 
bay (P10, P11, ST), dissolved manganese concentrations are one order of magnitude 
smaller but follow the same trend as in the deep silled basin, decreasing towards water 
surface. 
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Figure 9. Contour plots of dissolved and nanoparticulate iron and manganese concentrations (< 
0.4 µm). Average values of pseudo replicates are presented using linear interpolation between 
data points. Vertical resolution of the plot is 5 meters and sampling depths are marked with 
white dots.  
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 Total suspended solids in the water column 4.2.
 
The concentrations of total dissolved solids were determined by weighing dry combust-
ed glass fibre filters before and after filtration. There is some variation in the results 
between sampling sites: the greatest total suspended solid masses were measured near 
the bottom and right in the river mouth whereas the smallest in the upper water column 
in the silled bay (Figure 10). Suspended particles in the upper water column 5–15 kilo-
metres south from the river mouth have lower iron and manganese concentrations than 
the river mouth, but especially iron concentrations stand out from the surrounding water 
column as ‘hot spots’ (Figure 11). Particles in the deep silled bay (P4, P5) have the 
highest manganese concentrations with also elevated iron concentrations.  
 
 
Figure 10. Total suspended solids (TSS) in the water column using linear interpolation between 
data points. Vertical resolution of the plot is 5 meters and sampling depths are marked with 
white dots.  
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Figure 11. Iron and manganese concentrations in total suspended solids (TSS). Note that 
chemical composition of suspended solids beyond 15 km from P1 were analysed only for top 15 
meters. 
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Results from elemental analysis of total suspended solids from HF/HClO4//HNO3 di-
gested glass fibre filters show that there is spatial variation in their chemical composi-
tion (see Appendix C). By the river mouth (P1), suspended particles are particularly rich 
in iron and aluminium. Particles with high phosphorus concentrations are in the sam-
pling sites near the river mouth and in surface waters by the sill. The concentration of 
sulfur is low at all sampling sites.  
 
 Sediment results 4.3.
 
The sediment cores were all visibly gaseous with methane bubbles. Gas bubbles began 
to escape from the sediment as soon as the cores were lifted on top of the deck. The 
sediment cores were dark, almost black with the exception of the top of P1 which was 
light brown. Sediment from P5 was black throughout the core with a muddy top layer. 
Sediment from P1 was dark brown with a loose light brown top layer which had a high 
content of visible organic material including pieces of twigs (Figure 12). The highest 
sedimentation rate is in Mudpit where the lead peak of 1970 is deeper in the sediment 
than the length of the sediment core (Table 4). 
 
 
Figure 12. Surface sediment from P1. Photographer: Rosa Tiihonen 6/2015. 
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Table 4. Mean sedimentation rates of sampling sites.  
Sampling site Lead peak depth 
1)
 Mean sedimentation rate 
  [cm]  [cm yr
-1
] 
P1 27 0.6 
P5 39 0.9 
ST 23 0.5 
MP >45 >1.0 
1) 
Lead concentration peak marks year 1970 (Zillen et al. 2012). 
 
 
4.3.1. Iron and manganese in sediments 
There are differences in iron speciation between sampling sites (Figures 13, 14). In P1 
iron oxide phases dissolved by sodium dithionite and ammonium oxalate dominate iron 
mineralogy in sediment. Iron carbonates dissolved by sodium acetate, iron oxyhydrox-
ides dissolved by hydroxylamine-HCl and sheet silicates dissolved by HCl play a minor 
role in iron mineralogy. Sulfide-bound iron is also low in concentration. Total iron re-
sults show a definite concentration increase in 10–35 cm.  
In P5 total iron concentrations are lower than in P1 and the concentration stays even 
throughout the core. Iron carbonates dissolved by sodium acetate, sheet silicates dis-
solved by HCl, and pyrite-bound iron fractions dominate the core. Magnetite-bound iron 
fraction dissolved by ammonium oxalate extraction is low in top sediments but becomes 
greater in deeper sediment layers. Oxyhydroxides dissolved by hydroxylamine-HCl and 
AVS-iron contribute little to the total iron concentration. However, P5 is the only loca-
tion where significant enrichments of AVS are recorded.   
In Storfjärden total iron concentration is lower than in sites closer to the river mouth (P1, 
P5) and it shows only some fluctuation with depth. In top sediment sheet silicate-bound 
iron (HCl) is dominant with magnetite-bound iron (ammonium oxalate) as a second. 
Pyrite-bound iron concentration increases down core and peaks at 11 cm exceeding oth-
er fractions. Iron carbonates (sodium acetate), oxyhydroxides (Hydrox.-HCl), and AVS-
bound iron play a lesser role in total iron concentration.  
In Mudpit total iron concentration remains rather constant throughout the core. Sheet 
silicates (HCl) and pyrite-bound iron fractions dominate iron mineralogy with pyrite-
bound iron concentration increasing down core. Other fractions show a slight decrease 
down core and they have only a minor contribution to the total iron concentrations. 
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Sedimentary manganese results also show differences in manganese speciation between 
sampling sites (Figures 15, 16). In P1 total manganese concentration increases down 
core peaking at 23 cm. The same peak in concentration can be seen in total iron concen-
tration (Figure 13).  Sodium acetate –extractable manganese concentration in top sedi-
ment is higher than total manganese concentration which may reflect natural variation 
in the sediment. Sodium acetate –extractable manganese covers most of total manga-
nese concentration in top sediment. The value of sodium acetate –extractable manga-
nese is higher than the total manganese due to sample heterogeneity. In deeper sedi-
ments sodium dithionite extractable manganese becomes more dominant.  
In P5 total manganese concentration decreases down core. Sodium acetate extractable 
manganese forms most of total manganese concentration and follows the same trend. 
Other fractions are very low in concentration. Hydroxylamine-HCl and sodium dithio-
nite extractable fractions also decrease with depth.  
Total manganese concentration is lower in Storfjärden than in sampling sites in the in-
ner bay. Sodium acetate and HCl soluble manganese have highest concentrations. In 
Mudpit total manganese concentration decreases slightly with depth. HCl has yielded 
the highest concentrations which are approximately one quarter of total concentrations. 
Other extraction steps have yielded less than 1 µmol/g concentrations and as such con-
tribute little to the total concentration.  
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Figure 13. Sedimentary iron results from sequential extraction (Poulton & Canfield 2005), sulfur extraction (Burton et al. 2008) and total acid digestion. AVS-Fe concentration 
has been subtracted from Pyrite-Fe concentration. 
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Figure 14. Iron speciation in sediment. Undissolved iron fraction is equal to total iron concentration ob-
tained by acid digestion minus the sum of all fractions. 
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Figure 15. Sedimentary manganese results from sequential extraction (Poulton & Canfield 2005) and total acid digestion. 
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Figure 16. Manganese speciation in sediment. Undissolved manganese fraction is equal to total manga-
nese concentration obtained by total acid digestion minus the sum of all fractions. 
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4.3.2. Surface sediment results 
Surface sediment samples (0–1 cm) from the whole estuarine transect (Figure 3) show 
that iron concentration decreases offshore (Figure 17). The highest concentration of iron 
is in P2. Sodium dithionite soluble minerals (goethite and hematite) and ammonium 
oxalate soluble (magnetite) iron are dominant close to the river mouth in P1 and P2 
whereas HCl (sheet silicates) extractable fraction becomes greater offshore. Hydroxyl-
amine-HCl –soluble fraction (easily reducible oxyhydroxides) is generally low in all 
sites but its proportion is higher in P5 than in other sites.  
 
 
Figure. 17. Iron and manganese speciation in surface sediments (0–1 cm). 
 
Manganese in surface sediments is mostly bound to sodium acetate soluble fraction 
(Figure 17). Other extraction steps have yielded less than 5 µmol/g concentrations. So-
dium dithionite –soluble fraction is notable by the river mouth in P1 and P2.  The high-
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est manganese concentration in surface sediments is in P5 which is the deep inner basin 
site.  
 
 Pore water results  4.4.
 
There are differences between sampling sites in porewater geochemistry. Inner estuary 
sites P1 and P5 have high iron concentrations in porewater and offshore sites 
Storfjärden and Mudpit are enriched with dissolved sulfate (Figure 18). 
Sulfate-Methane Transition (SMT) zone is evident in P5, Storfjärden and Mudpit. It is a 
zone in which methane is oxidized by sulfate and both compounds are depleted. High 
sulfate concentrations in off-shore sites reflect saline seawater conditions compared to 
low sulfate concentrations of near fresh water conditions in the estuary. The depth of 
SMT zone varies from site to site; in P5 it is within top 20 cm and in Storfjärden 6–20 
cm. It is not as pronounced in Mudpit but it can be seen in sulfate plot in 0–30 cm as 
consumption of sulfate. In P1 it may be in top 7 cm where iron is depleted even though 
the zone cannot be seen in H2S plot as its concentration is very low.  
There are two distinctive zones in iron and manganese porewater chemistry where their 
concentrations increase. Concentration peak in top sediments within 5 cm reflects the 
zone of dissimilatory reduction of iron and manganese. It is a zone in which iron and 
manganese oxides are reduced by microbes for energy gain. Concentration increase 
deeper in the sediment core below the sulfate reduction zone marks the zone of iron and 
manganese oxide mediated anaerobic oxidation of methane (AOM). In both zones iron 
and manganese oxides are reduced which causes accumulation of dissolved metals in 
the porewater. 
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Figure 18: Porewater profiles of dissolved Fe, Mn, SO4, and H2S. Zones of dissimilatory reduction of iron 
and manganese (DR-Fe-Mn) and anaerobic oxidation of methane (AOM) are defined by increasing con-
centration of dissolved iron and manganese in the porewater. Six iron results from P1 were removed be-
cause they showed oxidation artefacts.  
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  Manganese extraction experiment 4.5.
 
During the first extraction step (24h sodium acetate), rhodochrosite and disordered bir-
nessite samples began to dissolve visibly (Figure 19). Shaking was first applied to the 
samples but it was discarded because the dissolution of mineral samples released gas 
which caused leaking. During the second step (hydroxylamine-HCl) both birnessites 
(triclinic and disordered) dissolved within seconds in an effervescent reaction, almost 
bubbling out of the centrifuge tubes (Figure 20). Todorokite samples also dissolved in 
the second step but the reaction was slower and dissolution took two hours. Rhodochro-
site samples dissolved completely as soon as the reagent was added.  The extracts were 
prepared for analysis with MP-AES by adding 100 µL of cesium (Cs) for an ionization 
buffer and diluting with ultrapure water.  
The results of the experimental extraction of manganese (Figure 21) show that the syn-
thetized minerals dissolve in the first two extraction steps of the sequential extraction of 
iron protocol by Poulton and Canfield (2005). Most of rhodochrosite-bound manganese 
dissolves in sodium acetate extraction whereas manganese bound to todorokite and bir-
nessites dissolves in hydroxylamine-HCl extraction. 
 
Figure 19. Samples for manganese extraction experiment during sodium acetate extraction. A1/2 = Cu-
doped todorokite, B1/2= triclinic Na-birnessite, C1/2= disordered Na-birnessite, D1/2= rhodochrosite. 
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Figure 20. Samples for manganese extraction experiment during hydroxylamine-HCl extraction. A1/2 = Cu-
doped todorokite, B1/2= triclinic Na-birnessite, C1/2= disordered Na-birnessite, D1/2= rhodochrosite. 
                                                              
Yields of rhodochrosite and triclinic Na-birnessite bound manganese were over 90 % 
(Table 5). Yields of todorokite and disordered Na-birnessite were only 50–60 % while 
all samples dissolved and their solutions were completely clear. Before the analysis, 
however, some precipitate had formed to the bottom of the centrifuge tubes which ex-
plains why the yield is so low. The samples should have been analysed faster to prevent 
the precipitate from forming. 
 
Figure 21: Cumulative plot of extraction results from synthetic 
manganese minerals. 
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Table 5. Yield of manganese from synthetic mineral samples. 
Mineral sample 
Theoretical yield Yield range Yield 
  [µmol/g]   [µmol/g] [%] 
Todorokite 10291 6868–6913 67 
Triclinic Na-birnessite 9272 8574–8899 94 
Disordered Na-birnessite 9592 4913–5009 52 
Rhodochrosite 8699 8057–8129 93 
 
 
 
 DISCUSSION 5.
  
 Iron and manganese in the water column 5.1.
 
Distributions of iron and manganese mostly differ from each other in the water column 
of the coastal zone (Figures 9A, 9B). Two distinctive sets of concentrations in water 
column results can be observed in Fe-Mn correlation plot (Figure 22). 
 
 
Figure 22. Correlation between dissolved iron and manganese in water column. 
The two trend lines reflect two geochemical processes which affect the distributions 
of iron and manganese in the water column.  
 
Iron distribution is strongly affected by flocculation which is caused by increasing salin-
ity from fresh water system to brackish water system. Due to flocculation, iron concen-
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tration decreases from the river mouth. Manganese distribution is dominantly controlled 
by redox shuttle which is amplified by seasonal hypoxia of the bottom water. In the 
study area, manganese is especially concentrated in a deep silled bay where water col-
umn is stratified by salinity and mixed only during strong winds blowing from the 
south-west (Virta 1977).  
 
5.1.1. Flocculation 
In the study area Pohjanpitäjänlahti, flocculation of iron had already been demonstrated 
by Asmala et al. (2014) who investigated the role of iron in the context of removal of 
dissolved organic material from river water by flocculation. Asmala et al. (2014) carried 
out sampling from surface waters in the area and found that dissolved iron concentration 
decreases rapidly from the river mouth. One of the aims of this thesis was to produce 
higher resolution data from the whole water column to observe better the effect of floc-
culation and its contribution to sedimentary iron concentrations along the estuarine tran-
sect.  
Salinity dependent flocculation can be observed by comparing dissolved iron distribu-
tion (Figure 9.A) to particulate iron distribution (Figure 11.A). Dissolved iron concen-
tration decreases rapidly along salinity gradient (Figures 9.A and 7) while in contrast, 
particulate iron concentrations are high. Flocculated particles are accumulated along 
inclined surface close to the halocline because of density difference. Such accumulation 
of flocculated iron by the halocline provides a mechanism to explain why the concentra-
tion of particulate (> 0.4 µm) iron is higher beyond the maximum zone of flocculation. 
P1 and P2 are situated completely in the very low salinity zone (0–1) above the halo-
cline which allows flocculated particles to be deposited in the sediment by the river 
mouth. 
The highest dissolved iron concentrations are in the water column between salinities 0–
1. When salinity exceeds 2, concentration of iron is decreased by 75 % from the concen-
tration in the river mouth (Figure 23). These results correspond with the results of As-
mala et al. (2014) in which iron concentration drops to one tenth of concentration by the 
river mouth by salinity 2.8±0.7. The curved trend of iron-salinity correlation which does 
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not follow conservative mixing line is typical for systems in which dissolved iron is 
dominated by the nanoparticulate (< 0.4 µm) iron fraction (Raiswell 2011).  
Also some manganese seems to flocculate by the river mouth as dissolved manganese 
concentration in water surface decreases along salinity gradient (Figure 23). The for-
mation of manganese rich particles can be observed in the distribution of manganese 
concentration in total suspended solids (Figure 11.B).  
 
Figure 23. Dissolved iron and manganese concentrations from water surface compared to surface salinity.  
 
Slightly elevated manganese concentrations can be observed along the inclined surface 
corresponding to the halocline in the upper water column of the silled bay (above 15 m) 
and by the sill. 
 
5.1.2. Redox shuttle 
The results of this thesis indicate that water column hypoxia promotes the diffusion of 
manganese from porewater into the water column as dissolved manganese is enriched in 
the seasonally hypoxic basin (Figure 9.B). Porewater iron and manganese are produced 
by dissimilatory reduction in the top sediments (Lovley 1991, Haese 2006 p. 247). Dis-
solved iron and manganese diffuse from the sediments into overlying water column 
where they are oxidized (Severmann et al. 2010, Lenz et al. 2015). Elevated manganese 
concentrations in the bottom water can be observed in the water column results (Figure 
9.B). They are more pronounced in the deep silled basin (P4, P5, P6) but the diffusion 
of manganese from the sediments can also be observed in sampling sites further out in 
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the bay (P9, P10, P11, and Storfjärden). Diffusion of iron into water column is not as 
evident in the bottom water of any site (Figure 9.A) but iron rich suspended particles 
can be observed in the bottom water below halocline at P5 (Figure 11.A). This is likely 
a result of rapid oxidation of dissolved divalent iron which prevents its accumulation in 
the oxic seawater (Raiswell and Canfield 2012). These results indicate that low crystal-
line rejuvenated iron oxyhydroxides are deposited in the sediment of P5.  
Oxidation of manganese in the water column can also be seen in the elemental analysis 
data of total suspended solids from sampling site P5 in the deep inner basin (see Appen-
dix C). Suspended particles are rich in manganese but not in aluminium, which implies 
that they are not of detrital origin but more likely hydroxides formed in the water col-
umn. High concentration of particulate manganese in the deep basin is a result of 
downslope transportation and accumulation of oxide particles (Figures 11.B) (Canfield 
et al. 2006, Lyons and Severmann 2006, Lenz et al. 2015) which results in high concen-
tration of manganese in sediments of P5. 
  
 Iron and manganese in sediments 5.2.
 
Total iron concentration in the top sediments (0–1 cm) of Pohjanpitäjänlahti transect 
decreases offshore and the same trend can be seen in a similar estuarine data from Pai-
mionselkä transect which lies 60 km north-west from Pohjanpitäjänlahti (Figure 24) 
(data from Peltola et al. 2011). The decrease of iron along estuarine transects has been 
interpreted to be a result of the mixing of clay and till endmembers of the detrital com-
ponent related to sedimentation dynamics (Peltola et al. 2011). Iron rich clay particles 
are therefore deposited in the low energy depositional system of inner estuary whereas 
iron poor quartz and feldspar particles are deposited in the high energy depositional 
system in offshore sites. The sequential extraction results of this thesis, however, show 
that in top sediments close to the river mouth, magnetite and reducible oxides such as 
ferrihydrite, hematite, and goethite form a large proportion (70 %) of total iron concen-
tration (Figure 14). Further evidence for oxide-bound iron pool is the high Fe/Al ratio 
which shows that iron is not associated with aluminium by the river mouth (Figure 24). 
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Clay minerals are hydrous aluminium silicates and if iron was bound to clay particles, 
the Fe/Al ratio would be lower. 
 
 
Figure 24. Total Fe concentration in sediment surface (0–1 cm) in Paimionselkä and Pohjanpitäjänlahti 
transects. Fe/Al ratio in Paimionselkä (Peltola et al. 2011) and Pohjanpitäjänlahti transects. 
 
Total iron concentration in Pohjanpitäjänlahti transect is generally lower than in Pai-
mionselkä transect except close to the river mouth and the difference in concentration 
between transects decreases offshore. Geomorphological factors may explain the iron 
concentration difference as Pohjanpitäjänlahti estuary is a narrow, semi-enclosed sys-
tem where fresh water forms a lens that branches far along the bay whereas Pai-
mionselkä estuary is an open system which has an impact on salinity gradient. Without 
a sill to prevent mixing of the water column, salinity increases rapidly and surface water 
salinity is 5.5 in the sampling site closest to the river mouth (Peltola et al. 2011). In the 
water column in Pohjanpitäjänlahti transect, 75 % of dissolved iron is removed from 
river water at salinity 2 (Figure 23). Although iron speciation has not been carried out 
on sediment samples from Paimionselkä, rapidly increasing salinity suggests that iron 
oxides are flocculated right by the river mouth where sediment samples have not been 
taken. Therefore the signal of iron bound to oxides is not as evident in the Fe/Al ratio of 
Paimionselkä transect as in Pohjanpitäjänlahti transect (Figure 24).  
Total manganese concentrations in both study transects are within the same order of 
magnitude (Figure 25). Unlike iron, manganese concentration is not affected by distance 
from river mouths. The highest manganese concentrations are in the deep silled basin of 
Pohjanpitäjänlahti (P5). The enrichment of manganese in the deep basin can be ex-
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plained by the manganese shuttle in which manganese is leached from anoxic sediments 
and oxidized in the water column. 
 
  
Figure 25. Total Mn concentration and Mn/Al ratio in sediment surface (0–1 cm) in Paimionlahti and 
Pohjanpitäjänlahti transects. 
 
Manganese oxides sink due to gravity and are deposited in the sediment. Subsequent 
cycles of dissolution and re-oxidation accumulate these particles in the deep basin 
(Huckriede and Meischner 1996, Lenz et al. 2015). Oxide-bound manganese pool is 
also supported by Mn/Al ratio which is higher in the deep silled bay of 
Pohjanpitäjänlahti than in other sampling sites (Figure 25). When comparing the two 
transects, it seems that Salpausselkä I, which forms a sill in Pohjanpitäjänlahti, causes 
enrichment of iron and manganese in the silled bay and depletion beyond the sill. 
Total iron concentration has a definite peak in sampling site P1, which is situated in the 
river mouth (Figure 13). It occurs at depth 11–39 cm and it is also reflected in sodium 
dithionite soluble fraction, i.e. goethite and hematite, and to lesser extent in HCl soluble 
fraction, which represents poorly reactive iron sheet silicates. A similar peak can be 
seen in sodium dithionite soluble fraction at depth 27–51 cm of P5, which is situated in 
the deep basin of the inner bay, but not in total iron plot of P5. Total manganese concen-
tration, sodium dithionite-, and HCl –soluble manganese fractions peak also at the same 
depths (Figure 15). These results imply that there has been a time period when signifi-
cantly more iron and manganese bearing detrital matter has been flushed from the 
catchment area. It may have been caused by changes in land use, such as clearcutting, 
which has potentially intensified erosion by fluvial processes. According to mean sedi-
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mentation rates of P1 and P5 (Table 4), the peak of increased detrital matter input was 
in 1960–1970. 
 
5.2.1. Iron oxides and their order of crystallinity 
Of the four sites that have been studied in detail, iron oxides in general are more abun-
dant in sites P1 and P5 in the silled bay than in offshore sites Storfjärden and Mudpit 
(Figures 13, 14). One of the hypotheses of this thesis was that the order of crystallinity 
would increase from river mouth towards the open sea and from top sediments towards 
deeper sediment layers because of early diagenesis or ‘maturation’, a process described 
by Raiswell (2011). Low crystalline oxyhydroxides, such as ferrihydrite, were expected 
to be found in high concentrations by the river mouth because of flocculation of iron 
oxides along salinity gradient. The results of this thesis however show that only a small 
fraction of total iron by the river mouth comes from low crystalline oxyhydroxides 
(Figure 13). Surprisingly, more crystalline oxide phases such as goethite, hematite and 
magnetite are clearly dominant at all depths in the sediment at P1, close to the river 
mouth. It implies that the material brought by the river water into the estuary is already 
quite ‘mature’ as it is deposited in the bay bed. Furthermore, there was no evidence of 
maturation into more crystalline phases with depth in the results of this thesis. 
The rivers bringing detrital material into Pohjanpitäjänlahti estuary have a large catch-
ment area including several sedimentation basins of which the estuary can be consid-
ered the final sedimentation basin before the open sea. Iron and manganese particles can 
therefore travel tens of kilometres before they reach the estuary, giving them time for 
early diagenesis, which transforms them into more crystalline phases. In the light of the 
extraction results, maturation seems to occur already in the water column during trans-
portation. 
 
5.2.2. Iron bound to dissolved organic matter and carbonates 
The behaviour of iron bound to dissolved organic matter has been studied in an estuary 
in the Gulf of Bothnia, Finland (Yu et al. 2015). In boreal surface waters dissolved iron 
is present either as Fe(III) complexed monomerically to organic matter or in ferrihy-
drite-like (hydr-)oxide (Sjöstedt et al. 2013). Studies by Yu et al. (2015) have shown 
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that these two iron compounds behave differently when they are deposited in the estua-
rine mud. Iron complexed with organic matter is effectively reduced but 2-line ferrihy-
drite is mostly preserved during early diagenesis. Yu et al. (2015) also concluded that as 
divalent iron is released in the estuarine mud due to dissimilatory reduction, it is largely 
complexed by organic matter.  Divalent iron pool is therefore sulfidized only to a lim-
ited degree which can lead to the burial of organically-bound divalent iron (OM-bound 
Fe(II)). The iron fraction that is complexed with organic matter is not characterized in 
the extraction method by Poulton and Canfield (2005) used in this thesis. Based on the 
results of this study, it seems likely that OM-bound iron is dissolved in the sodium ace-
tate extraction, together with iron carbonates.  
In P5, a significant portion of iron is yielded by sodium acetate –extraction which is 
designed to dissolve iron carbonates, i.e. siderite (Figure 13). Siderite forms in sulfate-
poor, non-marine sedimentary environments, and in brackish marine environments be-
low the zone where sulfate reduction is complete and sufficient iron is available (Post-
ma 1982). A requirement for siderite formation is that dissolved iron concentrations are 
sufficiently high that siderite is supersaturated (Postma 1982). However, the concentra-
tion of sodium acetate- soluble iron at P5 remains rather constant from top sediments to 
the bottom of the core. This rules out siderite as the likely dominant iron phase in the 
sodium-acetate extract, because sufficient dissolved iron is not present in the porewater 
(Figure 18). Also no increase of sodium acetate –soluble iron can be observed below 20 
cm in the extraction results, where dissolved iron concentrations increase (Figure 13). 
Therefore it is possible that sodium acetate –soluble iron fraction in P5 comes from 
OM-bound divalent iron complexes, as observed by Yu et al. (2015). It is interesting to 
observe that such enrichments are less substantial at P1, which also receives a high in-
put of organic matter and associated iron. The reason why OM-bound divalent iron is 
precipitated in P5 and not in P1 may be that the organic matter is different in the two 
sites. By the river mouth in P1, organic matter is dominantly allochtonous (terrestrial) 
origin, whereas in the deep basin in P5, organic matter is dominantly autochthonous 
(unpublished data, Tom Jilbert), which may form complexes more readily than terrestri-
al organic matter.  
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If iron yielded from sodium acetate extraction is indeed from OM-complexed iron frac-
tion it is difficult to estimate how much iron is bound to ferrous carbonates.  It is, re-
gardless, safe to state that they are a minor source of iron in all sampling sites. 
 
5.2.3. Iron bound to sulfides 
Iron sulfides concentration in surface sediments increases offshore (Figure 13). Sulfide-
bound iron concentration is generally low in the surface sediments, which is a result of 
oxidation of sulfides due to bioirrigation and bioturbation bringing oxygen to the anoxic 
sediments (Jørgensen & Kasten 2006, p. 295). Top sediments of P1 were visually oxic 
(Figure 12) which is reflected in the low pyrite-bound iron concentration. In Mudpit 
pyrite-bound iron concentration is twice as great which can be explained by bottom wa-
ter hypoxia. Water column salinity also has an impact on iron sulfide formation as sul-
fate is abundant in saline water which is then diffused into porewater (Berner 1970). In 
the inner bay where water column salinity is < 4 (P1, P5), sulfate concentration in the 
porewater is low whereas beyond the sill in offshore sites (MP, ST) where water column 
salinity is 4–7 (Figure 7), sulfate concentration is significantly higher (Figure 18). In 
anoxic sediments sulfate is reduced into H2S by bacterial catalysis (Berner 1970) and it 
is a requirement for pyrite formation (Equation 2, section 1.2.2.). Pyrite-bound iron 
concentration is higher in offshore site Storfjärden than in the inner bay sites (P1, P5). 
By the river mouth (P1) pyrite-bound iron concentration is surprisingly high (Figure 13) 
as no measurable concentrations of porewater H2S were found in P1 (Figure 18) which 
implies that all of it is incorporated to iron sulphides as soon as it is formed.  
AVS-bound iron was found in measurable concentrations only in P5. P5 differs from 
other sampling sites in that there are more easily reducible oxides in the surface sedi-
ment due to redox shuttling. Low crystalline iron oxides are highly reactive towards 
dissolved sulfide (Raiswell and Canfield 1998), which may explain the iron monosul-
fide accumulation at P5. At the other sites, sulfidized iron is mainly present as pyrite. 
Half-lives of iron oxides with respect to their reaction with dissolved sulfide have been 
determined by Canfield et al. (1992). For ferrihydrite it is 2.8 hours, 31 days for hema-
tite and 84 000 years for sheet silicates. At sites where the input of Fe is dominantly 
crystalline oxides, slower reaction with sulfide occurs, which means that pyritization of 
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AVS (Equations 1–3, 1.2.2.) can occur equally fast as AVS formation. The accumula-
tion of AVS is therefore controlled by the supply of poorly crystalline iron oxides. In P1, 
Storfjärden, and Mudpit low crystalline iron oxides are scarce which limits the accumu-
lation of AVS.  
 
5.2.4. Poorly reactive and unreactive iron pool 
Poorly reactive sheet silicates, such as nontronite, chlorite, glauconite, and biotite can 
be considered background iron sources as their concentration is rather constant in all 
sampling sites at all depths. Their proportion of the total iron concentration increases in 
offshore sites Storfjärden and Mudpit, where they become dominant sources of iron. 
Unreactive iron (equation 7) is residual silicate-bound iron which is unreactive towards 
dissolved sulfide (Poulton and Canfield 2005).  
Feunreactive =  Fetotal − ∑ Feextraction results + FeAVS+Pyrite  (7)  
Also unreactive iron fraction increases offshore proportional to the total concentration 
(Figure 14).   
 
5.2.5. Manganese results in light of dissolution experiment 
As the iron extraction protocol by Poulton and Canfield (2005) had not yet been tested 
on manganese minerals, it was not known beforehand which minerals dissolve in each 
step. Dissolution experiment of this thesis showed that rhodochrosite, todorokite and 
both birnessites dissolved completely in the first two extraction steps (sodium acetate 
and hydroxylamine-HCl) (Figure 21). Sodium acetate dissolves iron carbonates and 
hydroxylamine-HCl easily reducible iron oxides. The only mineral to dissolve almost 
completely in sodium acetate was rhodochrosite. Manganese oxides dissolved com-
pletely in hydroxylamine-HCl extraction but disordered Na-birnessite began dissolving 
already in sodium acetate.   
There are differences in the speciation of manganese between sampling sites (Figure 15). 
Even though in P1, P5, and Storfjärden most manganese is yielded from sodium dithio-
nite extraction, manganese concentrations follow different trends. In P1 and Storfjärden 
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sodium acetate –soluble manganese has high concentrations in top sediments whereas in 
P5 manganese concentration is low in top sediment and increases with depth. These 
results suggest that several processes are involved in the distribution of sodium acetate –
soluble manganese fraction. Recent studies have suggested that in estuarine surface sed-
iments, a large pool of manganese is in surface-sorbed Mn(II) (Yu et al. 2016). The sur-
face-sorbed fraction is easily soluble and it includes manganese complexed with organic 
matter and sorbed by 2-line ferrihydrite and mackinawite, and other sediment particles. 
The high manganese concentration in surface sediment of P1 may be explained by the 
input of these surface-sorbed manganese particles. However, water column results of 
this thesis suggest that also some manganese is flocculated by the river mouth. It im-
plies that a part of the elevated concentrations of sodium acetate soluble manganese in 
the top sediments comes from flocculated manganese oxides, which are rapidly reduced 
upon burial. 
In P5 hydroxylamine-HCl soluble manganese has a higher concentration than in other 
sites. It is likely a result of redox shuttle. Manganese hydroxides are produced in the 
water column which is reflected in high concentration of dissolved manganese in the 
water column (Figure 9.B) and in the manganese rich particles of suspended solids 
(Figure 11.B). When manganese hydroxides are buried in the sediment, they are re-
duced and react with dissolved inorganic carbon forming authigenic rhodochrosite (e.g. 
Meister et al. 2009, Yu et al. 2016, Lenz et al. 2015). Rhodochrosite may form if there 
is high concentration of porewater manganese and carbon available from degradation of 
organic matter (e.g. Jakobsen and Postma 1989, Neumann et al. 2002, Yu et al. 2016). 
Rhodochrosite precipitation is possible within top 10 cm because dissolved manganese 
is present in porewater (Figure 18). Yu et al. (2016) also found manganese enrichment 
zones in the sediment which were dominated by authigenic rhodochrosite.  
The results from later extraction steps remain ambiguous because the dissolution exper-
iment of manganese was limited to the first two extraction steps. It is likely that manga-
nese yielded from sodium dithionite and ammonium oxalate extractions comes from 
more crystalline manganese minerals, for example pyrolusite (MnO2) which is the most 
stable manganese oxide (Lahermo et al 1996, p. 82). Manganese can also replace iron, 
magnesium and to some extent calcium in poorly soluble mafic silicates (Lahermo et al 
1996, p. 81), which may manifest in concentrations from HCl extraction. The combined 
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results of the sequential extraction and dissolution experiment prove that the iron ex-
traction protocol by Poulton and Canfield (2005) can indeed be used for sequential ex-
traction of manganese. It will nonetheless require some modification and further testing 
with more crystalline manganese minerals.   
 
 
 Implications for methane cycle studies 5.3.
  
Iron and manganese oxides may participate in the anaerobic oxidation of methane in 
coastal sediments (e.g. Beal et al. 2009, Sivan et al. 2011, Egger et al. 2014). The reac-
tion can occur below Sulfate-Methane Transition (SMT) where all sulfate is depleted. 
The sediment results of this thesis (Figures 13, 15) show that reducible iron and manga-
nese oxides are present below SMT. Accumulation of dissolved iron and manganese 
into porewater below SMT (Figure 18) implies that some methane indeed undergoes 
anaerobic oxidation by iron and manganese oxides. The concentration of dissolved iron 
and manganese below SMT is greater in sites near the river mouth P1 and P5 than in 
offshore sites Storfjärden and Mudpit. Constant production of flocculated iron and 
manganese oxides near the river mouth coupled with redox shuttling provides these 
minerals in abundance to the sediment. These two processes also dictate the type of ox-
ide minerals which are present at any given site. The low salinity of the sites closest to 
the river mouth (P1, P5) also affects the depth of SMT and therefore the depth of Fe-
Mn-AOM. When sulfate is reduced already within 5 cm in P1 and 18 cm in P5, it allows 
Mn-Fe-AOM to occur already in the upper sediments where there are plenty of iron and 
manganese oxides available. In offshore sites (MP, ST) ferrihydrite, hematite, and goe-
thite are not as abundant in the sediment but they are nonetheless present throughout the 
coastal zone which makes them theoretically available for AOM.  
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 CONCLUSIONS 6.
 
Combining water column, sediment and porewater sampling provided insights into dis-
tributions of iron and manganese in the coastal zone and the biogeochemical and physi-
cal processes determining these distributions. In the study area, Pohjanpitäjänlahti estu-
ary and the adjacent archipelago, distributions of iron and manganese in the water col-
umn and in the sediments are heterogeneous. Silled nature of the bay and stratification 
of the water column by salinity enable these elements to be concentrated in the inner 
silled basin due to two geochemical processes: flocculation and redox shuttling. 
The concentration of dissolved iron in the water column decreases rapidly from the river 
mouth along salinity gradient as flocculation removes DOM-bound iron particles from 
solution. Flocculation is also evident in the behaviour of dissolved manganese as its 
concentration decreases along salinity gradient. Flocculated particles are subsequently 
deposited in the bay bed near the river mouth which results in high concentration of 
oxide-bound metals in the sediments. The flocculated iron oxides by the river mouth are 
dominated by more crystalline oxides goethite and hematite instead of low crystalline 
ferrihydrite, contrary to the original hypothesis. This implies that the maturation of iron 
oxides occurs already during transportation either in water column or in other sedimen-
tation basins of the catchment area. Furthermore, there was no evidence of maturation 
into more crystalline phases with depth and distance from the river mouth in the results 
of this thesis.  
In contrast, dissolved manganese in the water column is concentrated in the deep silled 
bay because of redox shuttling. Seasonal hypoxia promotes the diffusion of porewater 
manganese into bottom water where it is subsequently oxidized, transported downslope 
and deposited in the sediment of the deep basin which results in high concentration of 
manganese oxides in the top sediment. After deposition, manganese oxides are reduced 
and react with dissolved inorganic carbon forming authigenic rhodochrosite. Even 
though the major mechanism for iron oxide production is flocculation by the river 
mouth, the redox shuttle also provides iron oxides in the deep basin and offshore sites. 
Sequential iron extraction protocol by Poulton and Canfield (2005) was found to be able 
to differentiate speciation of sedimentary manganese but the results of this thesis imply 
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that the speciations of iron and manganese in the estuarine sediments are more diverse 
than what the protocol is able to distinguish. 
Although reactive iron and manganese oxides are highly concentrated in the silled bay, 
they are present in all study sites throughout the sediment cores in measurable concen-
trations. Also porewater iron and manganese accumulation was observed below the sul-
fate-methane transition zone in all study sites. These findings suggest that iron and 
manganese mediated anaerobic oxidation of methane may occur widely in the coastal 
zone. 
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Appendix A. Coordinates of sampling sites. 
Sampling Deg/min.dec Deg/min.dec Deg.dec Deg.dec  Depth [m] 
site E N E N   
P1 23'33,278 60'05,487 23.55463 60.09162 7 
P2 23'31,870 60'04,790 23.53117 60.07983 11 
P4 23'30,571 60'03,258 23.50952 60.05430 22 
P5 23'28,476 60'01,359 23.4746 60.02265 39 
P6 23'28,077 60'00,842 23.46795 60.01403 21 
P7 23'27,138 59'59,685 23.4523 59.99475 8 
P9 23'23,804 59'57,683 23.39673 59.96138 6 
P10 23'19,959 59'55,207 23.33265 59.92012 17 
P11 23'19,572 59'54,442 23.3262 59.90737 21 
P14 23'20,126 59'47,392 23.33543 59.78987 47 
MP 23'22,967 59'51,447 23.38278 59.85745 14 
ST 23'15.707 59'51.317 23.26178 59.85529 33 
 
Appendix B.  Syntheses of manganese minerals 
All reagents used in the mineral syntheses were analytical grade. 
Rhodochrosite   
The method for precipitation of rhodochrosite was adapted from Katsikopoulos et al 
(2009). Rhodochrosite was prepared in anoxic conditions in a glovebag. Nitrogen gas 
(N2) was used to fill the glovebag four times and to purge 2 L of ultrapure water for 30 
minutes. Solutions of 0.05 M MnCl2 (1000 mL) and 0.5 M Na2CO3 (100 mL) were pre-
pared in anoxic ultrapure water. Na2CO3 solution was poured slowly into MnCl2 solu-
tion while stirring was maintained. White precipitate with pale pinkish hue on top ap-
peared within seconds. The precipitate was left to settle for an hour and supernatant 
solution was siphoned and discarded. Remaining solution was then transferred into 15 
mL centrifuge tubes and centrifuged for 5 minutes at 1300 rpm. The supernatant solu-
tion was discarded and the precipitate was washed and centrifuged two times with 10 
mL of ultrapure water. The samples were then frozen and subsequently freeze-dried. 
Triclinic Na-birnessite  
Triclinic Na-birnessite was prepared according to protocol by Villalobos et al. (2003). 
Manganese chloride solution (MnCl 4 H2O) was poured slowly within 40 minutes into 
sodium hydroxide solution (NaOH) while the solution was stirred with a magnetic stir-
rer. Colour of the solution turned light brown with buoyant dark brown precipitation. 
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Potassium permanganate solution (KMnO4) was then added to the previous mixture 
within 50 minutes while maintaining stirring. The solution changed into dark brown and 
it was stirred for one more hour. The bottle was then closed and placed in oven at 55°C 
for 24 hours. Supernatant solution was then siphoned and the remaining suspension was 
transferred into 50 mL centrifuge tubes with the help of ultrapure water. The tubes were 
centrifuged for 20 minutes at 4000 rpm and supernatant solution was then discarded. 
The slurry was then mixed with 1 M sodium chloride solution (NaCl2) and shaken for 
one hour in an orbital shaker. The tubes were then centrifuged for five minutes at 1500 
rpm after which supernatant solution was discarded. This step was repeated five times 
with the shaking time ranging from one hour to over weekend. The slurry was then 
washed 13 times with ultrapure water. The slurry was then pre-frozen and freeze-dried.     
 
Cu-doped todorokite 
Cu-doped todorokite was prepared according to protocol by Ching et al. (1999). A solu-
tion of 6 M NaOH (300 mL) was poured slowly into a solution of 10 mmol MnSO4 H20 
(200 mL). A light brown precipitate with dark brown speckles formed within minutes 
and stirring was maintained for 15 minutes. A granular mixture of K2S2O8 (9.46 g) and 
CuSO4 5 H2O (1.75 g) were added to the solution within 30 minutes while stirring. Pre-
cipitate was isolated by filtration using glassfiber filters and washed three times with 
100 mL of ultrapure water. After washing, 1000 mL of 1M Cu(NO3)2 was added to the 
moist precipitate and the solution was stirred overnight. The solution was left to stand 
for one day after which it was poured into 15 mL centrifuge tubes, centrifuged and 
washed twice with 100 mL of ultrapure water. The precipitate was then transferred to 
Teflon™ tubes with 15 mL of ultrapure water for hydrothermal treatment in a micro-
wave oven at 160°C for 24 hours. Instead of using autoclave as instructed in Ching et al. 
(1999) microwave oven was used. The total duration of the hydrothermal treatment is 
not known because the programme was interrupted due to rotation errors. The pro-
gramme was nevertheless run three times with the expected total of 24 hours of runtime. 
After hydrothermal treatment the precipitate was transferred to 50 mL centrifuge tubes 
and washed three times with 40 mL of ultrapure water. The precipitate was then pre-
frozen and freeze-dried.  
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Disordered Na-birnessite  
The method used was adapted from Ching et al (1999) by carrying out the protocol of 
making Mg-todorokite without “the doping step” and hydrothermal treatment. A solu-
tion of 6 M NaOH (300 mL) was poured slowly into a solution of 10 mmol MnSO4 H20 
(200 mL). A light brown precipitate with dark brown speckles formed within minutes 
and stirring was maintained for 15 minutes. Then 18.9 g of solid K2S2O8 was added 
slowly (30 minutes) into the solution while stirring. The colour changed from light 
brown to dark grey during the stirring. The precipitate was left to settle and then super-
natant solution was siphoned. The precipitate was then centrifuged and washed thrice 
with 40 mL of ultrapure water. The samples were then frozen and freeze-dried over the 
weekend. 
 
 
Appendix C. Concentration of total suspended solids (TSS) in the water 
column and their chemical compositions. 
Station Depth 
 
TSS Fe Mn Al S P 
id m 
 
mg/L mg/L mg/L mg/L mg/L mg/L 
P1 0 
 
3,4 0,221 0,010 0,232 0,034 0,179 
 
5 
 
3 0,064 0,002 0,070 0,020 0,118 
P2 0 
 
2,2 0,076 0,004 0,089 0,016 0,105 
 
5 
 
2 0,040 0,002 0,053 0,012 0,107 
 
10 
 
1,8 0,031 0,002 0,029 0,020 0,103 
P4 0 
 
2,2 0,049 0,003 0,063 0,013 0,122 
 
5 
 
2,4 0,029 0,001 0,055 0,014 0,113 
 
10 
 
2,4 0,032 0,003 0,041 0,009 0,057 
 
15 
 
3,8 0,044 0,014 0,044 0,020 0,079 
 
20 
 
3,6 0,031 0,017 0,032 0,007 0,053 
P5 0 
 
2,2 0,023 0,001 0,034 0,008 0,067 
 
5 
 
2 0,031 0,002 0,081 0,012 0,088 
 
10 
 
3,2 0,052 0,006 0,043 0,018 0,089 
 
15 
 
3 0,028 0,004 0,031 0,023 0,065 
 
20 
 
4,4 0,041 0,008 0,041 0,019 0,062 
 
25 
 
3,2 0,061 0,018 0,054 0,043 0,069 
 
30 
 
4,2 0,044 0,037 0,050 0,014 0,076 
 
35 
 
3,4 0,040 0,041 0,044 0,015 0,067 
P6 0 
 
2,6 0,029 0,002 0,065 0,012 0,093 
 
5 
 
2,2 0,034 0,003 0,041 0,019 0,110 
 
10 
 
1,6 0,029 0,004 0,086 0,011 0,056 
 
15 
 
2,8 0,031 0,007 0,035 0,015 0,058 
60 
 
  
 
20 
 
2,8 0,031 0,004 0,025 0,047 0,064 
P7 0 
 
2,4 0,032 0,004 0,041 0,023 0,099 
 
5 
 
2,4 0,038 0,005 0,045 0,016 0,091 
P9 0 
 
3,7 0,059 0,009 0,065 0,034 0,140 
 
5 
 
4,4 0,034 0,009 0,033 0,044 0,067 
P10 0 
 
4,8 0,027 0,004 0,032 0,039 0,103 
 
5 
 
5 0,027 0,006 0,035 0,011 0,063 
 
15 
 
3,6 0,034 0,004 0,034 0,053 0,059 
P11 0 
 
4 0,018 0,002 0,020 0,017 0,057 
 
5 
 
4,2 0,023 0,003 0,024 0,028 0,066 
 
15 
 
4,2 0,034 0,005 0,078 0,008 0,057 
P14 0 
 
3,8 0,015 0,001 0,021 0,007 0,057 
 
5 
 
4,4 0,022 0,001 0,085 0,017 0,076 
 
15 
 
4,4 0,012 0,001 0,020 0,007 0,056 
MP 0 
 
4,2 0,024 0,002 0,062 0,010 0,059 
 
5 
 
5,25 0,018 0,002 0,020 0,009 0,058 
 
15  8,4 0,020 0,003 0,024 0,006 0,056 
ST 0 
 
4,6 0,015 0,002 0,017 0,007 0,058 
  5  4,6 0,018 0,002 0,026 0,009 0,058 
 
15 
 
3,6 0,024 0,004 0,042 0,007 0,056 
 
 
 
Appendix D. Sequential extraction and total acid digestion results - Fe 
Sediment   
core 
Mean sample 
depth 
Na acetate Hydrox.-HCl Na-dithionite Amm. Ox. HCl Total 
  [cm] Fe [µmol/g] Fe [µmol/g] Fe [µmol/g] Fe [µmol/g] Fe [µmol/g] Fe [µmol/g] 
P1 2015 0,5 77,0 58,7 367,8 665,8 91,6 1561,4 
 
2,5 78,0 55,7 419,1 292,1 75,9 1752,7 
 
4,5 127,4 46,1 279,4 4,1 102,3 1491,4 
 
6,5 156,5 47,5 202,9 405,1 86,9 1329,3 
 
8,5 134,1 40,8 152,1 364,2 115,1 1397,8 
 
11 156,5 47,0 229,2 61,2 129,0 1516,9 
 
15 184,7 53,9 562,6 51,0 98,6 2349,7 
 
19 126,5 73,0 1123,3 677,9 147,7 3358,8 
 
23 261,9 124,9 2577,0 221,7 485,0 4288,4 
 
27 284,5 108,9 1902,3 1594,3 318,2 5120,5 
 
31 226,3 113,6 1462,7 1200,5 308,8 4119,9 
 
35 306,7 101,1 976,4 1298,4 186,3 3475,5 
 
39 126,0 47,5 174,3 85,8 171,3 1289,8 
 
(rep) 122,9 56,5 167,6 0,0 161,8 1446,6 
P5 2015 0,5 211,3 118,0 70,5 15,9 238,6 1338,1 
 
2,5 337,3 72,8 54,3 30,1 251,2 1352,7 
 
4,5 290,1 95,3 49,7 17,6 209,9 1326,0 
 
6,5 228,3 123,5 49,6 7,0 194,9 1251,0 
 
8,5 241,0 125,6 48,6 149,1 224,0 1270,8 
61 
 
  
 
11 206,2 89,5 44,1 144,7 227,1 1226,7 
 
15 223,7 120,8 45,2 144,2 229,0 1225,8 
 
19 299,8 55,5 46,8 153,0 247,0 1227,4 
 
23 276,3 113,9 45,5 161,0 180,9 1213,6 
 
27 286,9 86,7 51,2 169,2 190,3 1253,7 
 
31 252,2 75,5 72,8 189,9 241,6 1243,6 
 
35 245,2 111,9 82,3 146,9 209,6 1243,3 
 
39 219,9 55,9 105,8 135,6 258,5 1192,6 
 
43 157,2 52,7 96,7 199,4 186,7 1099,9 
 
47 262,5 59,8 74,9 191,4 142,8 1228,4 
 
51 238,7 55,5 63,8 191,7 233,4 1176,4 
 
55 186,0 54,5 56,7 145,0 245,6 1105,6 
 
59 241,2 63,1 58,8 176,4 174,3 1172,9 
 
(rep) 440,9 104,8 100,1 314,4 279,7 n/a 
ST 2015 0,5 98,2 55,1 55,0 128,2 198,4 972,2 
 
1,5 53,7 39,2 55,5 125,9 200,3 937,1 
 
4,5 106,5 46,2 46,9 126,6 220,6 1058,3 
 
6,5 70,4 39,8 52,3 123,7 211,3 1067,0 
 
8,5 85,2 41,1 46,8 107,6 193,2 1036,2 
 
11 40,0 39,9 45,8 122,8 183,6 1092,7 
 
15 102,3 43,2 40,9 152,3 195,1 1144,2 
 
19 78,2 42,5 49,6 169,6 169,3 1100,9 
 
23 113,2 64,4 54,4 188,1 194,0 1204,0 
 
31 113,5 55,8 48,8 118,0 205,2 1021,3 
 
39 28,7 42,9 40,6 111,5 217,7 1090,0 
MP 2014 0,5 103,0 52,5 51,4 106,1 185,4 946,6 
 
5,5 66,4 46,9 34,7 91,4 187,9 938,5 
 
6,5 65,2 47,8 38,4 88,8 205,3 n/a 
 
7,5 36,9 43,4 38,7 90,8 197,4 1087,0 
 
8,5 57,7 46,9 40,2 86,2 198,8 992,1 
 
9,5 34,9 46,9 41,8 88,6 167,7 n/a 
 
11 43,4 42,4 26,9 81,6 181,8 960,9 
 
19 12,8 37,3 26,7 84,8 171,4 n/a 
 
21 15,5 38,0 27,0 82,4 244,0 n/a 
 
23 8,8 37,3 27,0 75,3 215,8 n/a 
 
25 7,4 36,4 27,3 78,0 221,1 1036,6 
 
27 4,7 39,0 29,0 86,7 215,0 900,1 
 
37 7,3 40,0 31,1 94,7 202,6 859,3 
P5 0,5 224,1 135,3 60,7 143,1 170,6 n/a 
P5 0,5 252,5 98,7 54,6 148,8 162,3 n/a 
P7 0,5 46,5 36,7 26,4 61,7 86,2 n/a 
P1 0,5 82,9 63,8 238,8 303,2 113,3 n/a 
P2 0,5 87,9 73,3 635,0 589,4 119,6 n/a 
P6 0,5 137,7 76,6 80,7 215,9 160,8 n/a 
P9 0,5 177,3 75,8 56,6 190,0 196,1 n/a 
P10 0,5 106,8 71,7 50,1 130,6 263,6 n/a 
P11 0,5 129,2 91,6 45,0 130,6 212,6 n/a 
P12 0,5 67,3 62,2 61,0 334,2 204,3 n/a 
P14 0,5 53,9 51,8 48,9 120,7 195,4 n/a 
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Appendix E. Sequential extraction and total acid digestion results - Mn 
Sediment 
core 
Mean sample 
depth 
Na acetate Hydrox.-HCl Na-dithionite Amm. Ox. HCl Total 
  [cm] Mn [µmol/g] Mn [µmol/g] Mn [µmol/g] Mn [µmol/g] Mn [µmol/g] Mn [µmol/g] 
P1 2015 0,5 95,5 0,5 2,4 10,3 1,0 16,8 
 
2,5 4,9 0,3 2,6 3,7 0,9 15,5 
 
4,5 0,6 0,2 2,1 2,9 1,0 13,1 
 
6,5 2,5 1,3 1,4 2,0 0,9 12,6 
 
8,5 1,7 0,2 1,3 2,3 1,3 12,6 
 
11,0 1,9 1,8 1,5 2,9 1,4 14,0 
 
15,0 2,0 0,5 3,7 2,3 0,9 18,7 
 
19,0 1,9 0,8 7,9 5,9 1,5 26,2 
 
23,0 3,3 1,1 18,5 6,9 5,0 48,1 
 
25,0 2,9 1,3 11,8 8,7 2,8 38,2 
 
31,0 2,2 0,9 8,3 5,3 2,8 29,9 
 
35,0 2,1 0,7 5,4 5,9 1,8 23,4 
 
39,0 1,3 0,3 0,9 3,2 1,7 11,5 
 
(rep) 1,3 1,9 0,7 0,9 1,7 11,8 
P5 2015 0,5 9,5 2,5 0,4 0,8 2,5 21,5 
 
2,5 22,3 1,9 0,4 0,9 2,6 30,3 
 
4,5 23,6 3,8 0,3 1,7 2,2 59,6 
 
6,5 52,3 2,9 0,5 1,3 2,1 35,0 
 
8,5 30,3 2,1 0,5 0,7 2,5 58,6 
 
11,0 32,3 2,3 0,5 0,5 2,6 44,4 
 
15,0 26,3 2,4 0,5 0,8 2,5 41,1 
 
19,0 35,7 2,3 0,7 1,0 2,7 36,3 
 
23,0 29,5 2,6 0,6 0,8 2,1 46,3 
 
27,0 28,2 2,1 0,6 0,8 2,1 38,4 
 
31,0 20,3 1,5 0,7 1,0 2,5 37,9 
 
35,0 30,9 2,2 0,4 0,7 2,2 29,1 
 
39,0 23,4 1,6 0,7 0,8 2,9 42,1 
 
43,0 18,2 1,6 0,6 1,1 2,1 35,8 
 
47,0 23,0 1,6 0,4 0,9 1,6 28,2 
 
51,0 17,0 1,2 0,3 0,8 2,5 33,3 
 
55,0 19,4 1,3 0,2 0,7 2,7 27,3 
 
59,0 15,9 1,1 0,3 0,8 1,9 28,6 
 
(rep) 29,6 2,1 0,0 1,0 3,3 25,6 
ST 2015 0,5 7,9 0,7 0,2 0,7 2,1 17,6 
 
1,5 1,2 0,3 0,3 0,6 2,2 11,5 
 
4,5 1,2 0,4 0,2 0,5 2,5 11,2 
 
6,5 0,8 0,3 0,0 0,6 2,2 11,9 
 
8,5 1,2 0,4 0,3 0,8 2,0 11,6 
 
11,0 1,5 0,4 0,2 0,5 2,0 11,5 
 
15,0 2,9 0,6 0,3 0,9 2,1 12,0 
 
19,0 4,4 0,9 0,3 1,0 1,9 11,9 
 
23,0 4,6 1,0 0,2 0,9 2,1 12,4 
 
31,0 3,8 0,8 0,2 0,6 2,3 12,7 
 
39,0 3,1 0,8 0,2 0,5 2,5 14,6 
MP 2014 0,5 0,5 0,2 0,0 0,7 2,1 16,1 
 
5,5 0,1 0,3 0,2 0,5 2,1 16,9 
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6,5 0,0 0,3 0,2 0,4 2,2 17,7 
 
7,5 0,0 0,2 0,2 0,5 2,2 18,5 
 
8,5 0,0 0,3 0,3 0,6 2,2 18,7 
 
9,5 0,0 0,0 0,0 0,4 1,5 19,0 
 
11,0 0,0 0,2 0,4 0,2 2,1 19,9 
 
19,0 0,1 0,3 0,5 0,6 1,8 14,8 
 
21,0 0,2 0,3 0,3 0,3 2,7 16,1 
 
23,0 0,2 0,3 0,5 0,7 2,4 10,2 
 
25,0 0,3 0,3 0,4 0,4 2,4 10,6 
 
27,0 0,5 0,3 0,5 0,7 2,4 10,5 
 
37,0 1,1 0,4 0,5 0,5 2,3 9,6 
P5 0,5 15,0 2,1 0,6 0,9 2,0 9,8 
P5 0,5 58,2 3,2 0,6 1,1 1,8 10,3 
P7 0,5 1,0 0,3 0,4 0,4 0,8 12,5 
P1 0,5 2,1 0,6 1,7 1,9 1,2 10,8 
P2 0,5 1,4 0,5 3,8 2,8 1,2 10,5 
P6 0,5 5,6 1,1 0,7 1,2 1,8 12,9 
P9 0,5 7,7 0,9 0,5 0,9 2,1 13,3 
P10 0,5 1,5 0,5 0,6 0,8 2,9 13,0 
P11 0,5 1,7 0,7 0,4 0,7 2,3 13,4 
P12 0,5 1,8 0,6 0,5 1,4 1,8 13,4 
P14 0,5 1,9 0,5 0,7 0,9 2,3 13,0 
 
 
 
Appendix F. Sedimentary sulfur and iron bound to sulfides 
Station Sample id Mean sample depth S S-AVS S-pyrite Pyrite-Fe 
    [cm] [µmol/g] [µmol/g] [µmol/g] [µmol/g] 
P1 2015 1 0,5 77,4 n/a 77,4 39 
P1 2015 3 2,5 130,9 2 130,9 65 
P1 2015 7 6,5 258,3 7 258,3 129 
P1 2015 9 8,5 484,0 4 484,0 242 
P1 2015 5 4,5 267,7 4 267,7 134 
P1 2015 11 11 375,1 4 375,1 188 
P1 2015 13 15 300,2 3 300,2 150 
P1 2015 15 19 140,5 4 140,5 70 
P1 2015 17 23 208,4 5 208,4 104 
P1 2015 19 27 243,0 5 243,0 122 
P1 2015 21 31 248,4 6 248,4 124 
P1 2015 23 35 272,1 6 272,1 136 
P1 2015 25 39 345,7 2 345,7 173 
P1 2015 25 39 347,1 3 347,1 174 
P5 2015 1 0,5 121,9 2 119,4 60 
P5 2015 3 2,5 267,4 9 258,4 129 
P5 2015 5 4,5 516,9 29 487,8 244 
P5 2015 7 6,5 481,1 48 433,0 217 
P5 2015 9 8,5 429,9 61 368,8 184 
P5 2015 11 11 397,7 30 367,6 184 
64 
 
  
P5 2015 13 15 448,1 47 401,2 201 
P5 2015 15 19 487,0 36 451,3 226 
P5 2015 17 23 487,7 38 449,5 225 
P5 2015 19 27 419,7 19 400,6 200 
P5 2015 21 31 331,2 14 317,1 159 
P5 2015 23 35 464,7 23 442,0 221 
P5 2015 25 39 244,0 12 232,3 116 
P5 2015 27 43 153,7 4 149,7 75 
P5 2015 29 47 289,4 5 284,6 142 
P5 2015 31 51 289,8 9 280,5 140 
P5 2015 33 55 186,0 6 180,1 90 
P5 2015 35 59 273,8 6 267,5 134 
ST 2015 1 0,5 141,5 3 141,5 71 
ST 2015 2 1,5 163,6 n/a 163,6 82 
ST 2015 3 2,5 198,2 7 198,2 99 
ST 2015 4 3,5 269,5 n/a 269,5 135 
ST 2015 5 4,5 354,7 4.5 354,7 177 
ST 2015 6 5,5 305,6 n/a 305,6 153 
ST 2015 7 6,5 409,1 7 409,1 205 
ST 2015 8 7,5 389,0 n/a 389,0 194 
ST 2015 9 8,5 361,4 4 361,4 181 
ST 2015 10 9,5 395,6 n/a 395,6 198 
ST 2015 11 11 605,0 4 605,0 302 
ST 2015 12 13 567,6 n/a 567,6 284 
ST 2015 13 15 487,4 4 487,4 244 
ST 2015 14 17 484,3 n/a 484,3 242 
ST 2015 15 19 457,9 6 457,9 229 
ST 2015 16 21 451,9 n/a 451,9 226 
ST 2015 17 23 441,2 n/a 441,2 221 
ST 2015 19 27 391,4 n/a 391,4 196 
ST 2015 21 31 298,2 n/a 298,2 149 
ST 2015 25 39 391,1 3 391,1 196 
MP 2014 1 0,5 368,1 n/a 368,1 184 
MP 2014 2 1,5 338,6 n/a 338,6 169 
MP 2014 3 2,5 372,5 n/a 372,5 186 
MP 2014 4 3,5 335,0 n/a 335,0 168 
MP 2014 5 4,5 396,3 n/a 396,3 198 
MP 2014 6 5,5 399,9 n/a 399,9 200 
MP 2014 7 7,5 434,7 2 434,7 217 
MP 2014 9 8,5 426,7 n/a 426,7 213 
MP 2014 11 11 447,0 n/a 447,0 223 
MP 2014 12 13 361,5 n/a 361,5 181 
MP 2014 18 25 503,6 2 503,6 252 
MP 2014 19 27 362,9 2 362,9 181 
MP 2014 21 31 455,1 2 455,1 228 
MP 2014 22 33 532,9 2 532,9 266 
MP 2014 24 37 475,8 2 475,8 238 
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Appendix G. Water column dissolved and nanoparticulate Fe and Mn (< 0.4 µm) 
Sampling Sample Depth Mn Fe Sampling Sample Depth Mn Fe 
site id [m] [µmol/l] [µmol/l] site id [m] [µmol/l] [µmol/l] 
P1 
1 
0 
0,14 1,02 
P10 
69 
0 
0,02 0,15 
 
2 
0 
0,15 1,54 
 
70 
0 
0,03 0,17 
 
3 
5 
0,14 0,69 
 
71 
5 
0,01 0,03 
 
4 
5 
0,15 0,72 
 
72 
5 
0,02 0,03 
 
5 
7 
0,11 0,71 
 
73 
10 
0,10 0,09 
 
6 
7 
0,12 1,04 
 
74 
10 
0,10 0,09 
P2 
7 
0 
0,14 1,33 
 
75 
15 
0,23 0,06 
 
8 
0 
0,13 0,96 
 
76 
15 
0,23 0,04 
 
9 
5 
0,03 0,60 
 
77 
17 
0,31 0,03 
 
10 
5 
0,03 0,60 
 
78 
17 
0,31 0,04 
 
11 
10 
0,11 0,66 
P11 
79 
0 
0,02 0,09 
 
12 
10 
0,11 0,65 
 
80 
0 
0,02 0,07 
 
13 
11 
0,44 0,44 
 
81 
5 
0,02 0,03 
 
14 
11 
0,43 0,32 
 
82 
5 
0,01 0,03 
P4 
15 
0 
0,04 0,92 
 
83 
10 
0,03 0,02 
 
16 
0 
0,02 0,60 
 
84 
10 
0,03 0,02 
 
17 
5 
0,04 0,66 
 
85 
15 
0,10 0,02 
 
18 
5 
0,03 0,56 
 
86 
15 
0,10 0,05 
 
19 
10 
0,06 0,37 
 
87 
20 
0,12 0,02 
 
20 
10 
0,06 0,37 
 
88 
20 
0,12 0,02 
 
21 
15 
0,99 0,47 
 
89 
21 
0,30 0,04 
 
22 
15 
0,98 0,47 
 
90 
21 
0,30 0,03 
 
23 
20 
1,39 0,13 
P14 
91 
0 
0,03 0,02 
 
24 
20 
1,38 0,12 
 
92 
0 
0,03 0,02 
 
25 
22 
1,50 0,24 
 
93 
5 
0,03 0,02 
 
26 
22 
1,52 0,24 
 
94 
5 
0,04 0,02 
P5 
27 
0 
0,05 0,52 
 
95 
10 
0,03 0,02 
 
28 
0 
0,07 0,65 
 
96 
10 
0,04 0,02 
 
29 
5 
0,05 0,54 
 
97 
15 
0,03 0,02 
 
30 5 0,05 0,52 
 
98 
15 
0,03 0,02 
 
31 
10 
0,26 0,29 
 
99 
20 
0,01 0,02 
 
32 
10 
0,26 0,27 
 
100 
20 
0,01 0,02 
 
33 
15 
0,22 0,16 
 
101 
25 
0,01 0,02 
 
34 
15 
0,20 0,14 
 
102 
25 
0,01 0,02 
 
35 
20 
0,53 0,17 
 
103 
30 
0,01 0,02 
 
36 
20 
0,54 0,14 
 
104 
30 
0,01 0,01 
 
37 
25 
0,86 0,16 
 
105 
35 
0,02 0,01 
 
38 
25 
0,86 0,16 
 
106 
35 
0,02 0,01 
 
39 
30 
0,70 0,09 
 
107 
40 
0,02 0,01 
 
40 
30 
0,70 0,09 
 
108 
40 
0,02 0,02 
 
41 
35 
1,08 0,09 
 
109 
45 
0,03 0,01 
 
42 
35 
1,08 0,10 
 
110 
45 
0,03 0,02 
 
43 
39 
2,61 0,14 
 
111 
47 
0,03 0,01 
 
44 
39 
2,58 0,11 
 
112 
47 
0,03 0,01 
P6 
45 
0 
0,04 0,55 
MP 
113 
0 
0,04 0,04 
 
46 
0 
0,15 2,33 
 
114 
0 
0,04 0,03 
 
47 
5 
0,05 0,47 
 
115 
5 
0,03 0,03 
 
48 
5 
0,07 0,48 
 
116 
5 
0,03 0,03 
 
49 
10 
0,04 0,29 
 
117 
10 
0,10 0,03 
 
50 
10 
0,05 0,33 
 
118 
10 
0,10 0,03 
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51 
15 
0,12 0,14 
 
119 
15 
0,06 0,02 
 
52 
15 
0,13 0,14 
 
120 
15 
0,06 0,02 
 
53 
20 
0,32 0,11 
 
121 
20 
0,06 0,02 
 
54 
20 
0,32 0,11 
 
122 
20 
0,06 0,03 
 
55 
21 
0,43 0,11 
 
123 
24 
0,05 0,04 
 
56 
21 
0,44 0,12 
 
124 
24 
0,05 0,06 
P7 57 
0 
0,03 0,45 SF 125 
0 
0,03 0,02 
 
58 
0 
0,02 0,44 
 
126 
0 
0,03 0,02 
 
59 
5 
0,02 0,38 
 
127 
5 
0,03 0,04 
 
60 
5 
0,03 0,41 
 
128 
5 
0,03 0,04 
 
61 
8 
0,04 0,43 
 
129 
10 
0,03 0,03 
 
62 
8 
0,04 0,45 
 
130 
10 
0,03 0,02 
P9 63 
0 
0,01 0,29 
 
131 
15 
0,04 0,02 
 
64 
0 
0,01 0,30 
 
132 
15 
0,04 0,02 
 
65 
5 
0,18 0,05 
 
133 
20 
0,07 0,05 
 
66 
5 
0,17 0,05 
 
134 
20 
0,07 0,05 
 
67 
6 
0,39 0,05 
 
135 
25 
0,11 0,03 
 
68 
6 
0,39 0,06 
 
136 
25 
0,11 0,03 
    
   
137 
30 
0,23 0,03 
            
138 
30 
0,26 0,03 
 
 
 
 
Appendix H. Dissolved Fe, Mn, and S in porewater 
Sample Depth Fe Mn S Sample Depth Fe Mn S 
id [cm] [µmol/L] [µmol/L] [µmol/L] id [cm] [µmol/L] [µmol/L] [µmol/L] 
SBW 0,0 0,0 0,2 5272,7 M25 50,0 29,3 30,1 196,1 
ST-Dil-1 1,0 30,5 21,0 4752,0 M26 52,0 39,5 31,2 224,6 
ST-Dil-2 3,0 141,5 89,4 4500,2 M27 54,0 55,8 31,9 170,1 
ST-Dil-3 5,0 29,0 33,9 3517,7 P1_BW 0,0 0,0 2,5 778,4 
ST-Dil-4 7,0 7,1 20,1 2791,1 P1_1 1,0 93,7 25,9 302,7 
ST-Dil-5 9,0 6,4 19,3 1453,2 P1_2 3,0 93,4 12,7 83,5 
ST-Dil-6 11,0 11,5 21,4 800,7 P1_3 5,0 40,6 10,2 46,7 
ST-Dil-7 13,0 6,5 23,0 605,9 P1_4 7,0 14,1 15,2 36,7 
ST-Dil-8 15,0 3,0 29,7 460,2 P1_5 9,0 56,5 24,2 39,8 
ST-Dil-9 17,0 7,6 35,3 357,3 P1_6 11,0 77,6 24,7 49,2 
ST-Dil-10 19,0 4,0 45,3 252,4 P1_7 13,0 108,7 26,1 76,5 
ST-Dil-11 21,0 5,1 55,2 190,6 P1_8 15,0 165,3 29,7 55,6 
ST-Dil-12 23,0 5,0 64,1 151,4 P1_9 17,0 219,0 33,0 62,7 
ST-Dil-13 25,0 14,2 73,5 157,7 P1_10 19,0 28,6 27,4 120,5 
ST-Dil-14 27,0 40,6 80,7 158,5 P1_11 21,0 333,1 38,0 56,6 
ST-Dil-15 29,0 52,1 86,5 156,2 P1_12 23,0 61,3 36,7 57,7 
ST-Dil-16 31,0 46,1 86,3 167,1 P1_14 27,0 421,3 44,3 52,4 
ST-Dil-17 33,0 42,5 84,7 171,6 P1_17 33,0 182,7 46,0 57,9 
ST-Dil-18 35,0 46,2 89,6 159,2 P1_18 35,0 200,7 46,8 66,3 
ST-Dil-19 37,0 45,3 97,0 143,7 P1_19 37,0 177,9 47,0 57,1 
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ST-Dil-20 39,0 31,4 94,1 149,9 P1_20 39,0 194,2 46,3 58,8 
ST-Dil-21 41,0 31,9 89,5 139,6 P5_BW 0,0 0,0 22,3 3148,2 
ST-Dil-22 43,0 20,2 86,9 152,4 P5_1 2,0 18,9 130,8 1699,5 
S23 45,0 5,5 76,2 236,9 P5_2 4,0 0,0 181,2 971,5 
MBW 0,0 0,0 17,6 4271,0 P5_3 6,0 0,0 227,4 661,4 
M1 2,0 0,0 8,1 2998,3 P5_4 8,0 0,0 302,9 343,7 
M2 4,0 0,0 6,4 2967,8 P5_5 10,0 0,0 318,5 226,4 
M3 6,0 0,0 4,0 1682,0 P5_6 12,0 0,0 357,2 215,2 
M4 8,0 0,0 2,2 1363,6 P5_7 14,0 0,0 365,0 218,7 
M5 10,0 0,0 1,6 942,0 P5_8 16,0 0,0 375,4 285,5 
M6 12,0 0,0 0,1 1003,8 P5_9 18,0 0,0 394,8 272,4 
M7 14,0 0,0 2,3 890,6 P5_10 20,0 4,2 391,2 408,2 
M8 16,0 0,0 2,2 1109,1 P5_11 22,0 14,8 433,9 174,8 
M9 18,0 0,0 2,7 471,7 P5_12 24,0 31,8 463,9 120,0 
M10 20,0 0,0 4,0 759,5 P5_13 26,0 56,0 474,9 111,7 
M11 22,0 0,0 5,1 717,7 P5_14 28,0 86,4 505,6 145,9 
M12 24,0 0,0 6,8 544,1 P5_15 30,0 104,9 476,7 107,1 
M13 26,0 0,0 8,5 437,0 P5_16 32,0 138,4 491,9 146,1 
M14 28,0 0,0 10,1 385,2 P5_17 34,0 189,0 516,2 117,0 
M15 30,0 0,0 12,2 286,0 P5_18 36,0 215,1 490,9 126,2 
M16 32,0 0,0 14,8 276,0 P5_19 38,0 268,7 539,4 120,2 
M17 34,0 0,0 16,5 247,7 P5_20 40,0 304,1 540,0 133,3 
M18 36,0 0,0 18,6 235,3 P5_21 42,0 322,6 524,4 109,6 
M19 38,0 0,0 19,6 224,2 P5_22 44,0 338,4 537,0 132,9 
M20 40,0 0,0 21,5 269,5 P5_23 46,0 382,1 536,6 131,7 
M21 42,0 0,0 23,4 217,9 P5_25 50,0 445,8 543,4 109,3 
M22 44,0 0,0 26,1 198,3 P5_26 52,0 468,6 565,8 125,2 
M23 46,0 2,8 26,9 226,5 P5_27 54,0 473,5 570,0 81,6 
M24 48,0 14,4 28,0 226,0           
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Appendix I. Dissolved H2S in porewater 
 
Station Sample Depth H2S Station Sample Depth H2S Station Sample Depth H2S 
  id [cm] [µmol/L]   id [cm] [µmol/L]   id [cm] [µmol/L] 
ST 1 2 0 MP 11 22 266 P1 17 34 4 
ST 2 4 0 MP 12 24 176 P1 18 36 0 
ST 3 6 28 MP 13 26 79 P1 19 38 0 
ST 4 8 
 
MP 14 28 142 P1 BW 0 0 
ST 5 10 198 MP 15 30 77 P5 1 2 9 
ST 6 12 205 MP 16 32 0 P5 2 4 120 
ST 7 14 191 MP 17 34 
 
P5 3 6 147 
ST 8 16 23 MP 18 36 
 
P5 4 8 126 
ST 9 18 53 MP 19 38 0 P5 5 10 76 
ST 10 20 0 MP 20 40 0 P5 6 12 50 
ST 11 22 0 MP 21 42 
 
P5 7 14 23 
ST 12 24 0 MP 22 44 
 
P5 8 16 18 
ST 13 26 0 MP 23 46 0 P5 9 18 0 
ST 14 28 0 MP 24 48 
 
P5 10 20 0 
ST 15 30 0 MP 25 50 0 P5 11 22 0 
ST 16 32 
 
MP 26 52 
 
P5 12 24 0 
ST 17 34 
 
MP BW 0 0 P5 13 26 0 
ST 18 36 0 P1 1 2 0 P5 14 28 0 
ST 19 38 
 
P1 2 4 0 P5 15 30 0 
ST 20 40 0 P1 3 6 0 P5 16 32 0 
ST 21 42 0 P1 4 8 0 P5 17 34 0 
ST 22 44 0 P1 5 10 0 P5 18 36 0 
ST BW 0 0 P1 6 12 0 P5 19 38 0 
MP 1 2 146 P1 7 14 0 P5 20 40 6 
MP 2 4 277 P1 8 16 0 P5 21 42 0 
MP 3 6 273 P1 9 18 0 P5 22 44 0 
MP 4 8 279 P1 10 20 
 
P5 23 46 0 
MP 5 10 282 P1 11 22 0 P5 24 48 0 
MP 6 12 223 P1 12 24 0 P5 25 50 0 
MP 7 14 156 P1 13 26 0 P5 26 52 0 
MP 8 16 369 P1 14 28 0 P5 27 54 0 
MP 9 18 118 P1 15 30 0 P5 BW 0 0 
MP 10 20   P1 16 32 34         
 
